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This document was prepared under Project No. A51000, The Ships Below-
Decks EMC Program, Principal Investigator D.S. Dixon (Code 3431). The
Sponsoring Activity is the Office of The Chief of Naval Research/Office of
Naval Technology; Submarine Technology Program Element Manager G. Remmers
(Code 233). The Submarine Technology Block Program Manager is L. Cathers
(Code 012.4) of the David W. Taylor Naval Ship Research and Development
Center.

Important contributions required to conduct the work were made by G & H
Technology, Inc., Moore School of Electrical Engineering, University of
Pennsylvania, and Western New England College under contract to the Naval
Underwater Systems Center.

The authors wish to acknowledge the contribution of John Miller, EMC
consultant for G & H Technology, Inc., who provided the triaxial fixture test
method and measurement data for the EMI performance evaluation of the shield
ground adapters.
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An Evaluation of the Long Term EMI Performance of Several Shield Ground Adapters '(- :;
X
DAVID S. DIXON, MEMBER, IEEE, and STANLEY 1. SHERMAN, MEMBER, LEEE ®
Naval Underwater Systems Center B
New London Laboratory (NUSC/NLL) <
New London, CT 06320 J
L0
(]
"

MICHAEL VAN BRUNT
G 5 B Technology, Inc.
750 W. Ventura 8vd.

Camarillo, CA 93010 "

ABSTRACT ENVIRONMENTALLY SEALED SGAs ’*};

RS

A shield ground adapter (SGA) is a device util- EARLY SGAs ."-:x'
S

ized to establish a 360° low impedance electrical
connection between a cable's shield and the ground
structure through which the cable passes. This low

figure 1 illustrates the evolution of cable
shield grounding devices. The earliest

pots

impedance connection is designed to reduce and/or environmentally sealed SGAs utilized ballpoint pen )
eliminate EMI and/or EMP problems by shunting high style springs that were connected end-to-end around e
level currents into the systems' ground plane. This the signal cable's shield. These springs were then . ."
paper wil. discuss *he measured EM! performance char. compressed against the signal cable's shield to shunt 30
acteristics of an. existing {spring) technology SGA EMI currents into the system or platform ground g‘!‘:
and a new technology SCA that utilizes a recently plane. This type of SGA utilizes a spring member that .I'(
developed smart-solderiniy technique and an improved encircles the shield of a typical R.G. cable. This ..l'|
cable shield-to-SGA connection method. Over one year spring member is then mechanically compressed when ~|ﬁ'
" ago, one new construction nodel of each SGA was assembled. The operational performance of this M
installed on the deck of a !.S, naval ship., This grounding device is directly related to the contact N
paper will discuss the a.c. ond d.c. EM! measurements force between the shield and the spring member. The L4
that were conducted on the SGAs. The measurements essence of this type of device is maintaining a .
were conducted both before the installation and one certain amount of contact force that yields a certain 5.'«'
year later, after being exposed to 12 months of a level of transfer impedance (It). There exists 3
harsh marine environment, several modes that can and do degrade the perfaormance .Q"
of these devices. The level of performance (Zt) is ‘Q.':
BACKGROURD directly related to the contact force between the t."
shield and the spring member. Typical shipboard Q.'v
A metallic boundary is typically established by cables such as R.G. 214 have a dielectric inner, AN
EMI and EMP personnel to protect electronic equipment which can cold flow due to excessive comprescive [ 4
from high level electromagnetic fields. These fields force of the grounding spring. If this cold flow !
can be created in peacetime by lightning and nearby phenomenon takes place, the contact force between 4
communication transmitters or in times of conflict by cable shield and spring contact will change, possibly k'
an Electromagnetic Pulse (EMP). In certain instances affecting the performance of the signal being .
it is necessary to have shielded signal cables tran- trangmitted along the cabie. t )
sition this metallic boundary. [t is estimated that ’ )
over 80 d8 of attenuation is required at such inter- It was suspected that the EMI/EMP performance of ]
faces to reduce the hundreds of amperes of current this compression type of SGA would deteriorate with 3
that could be flowing on cable shields. One method both time and environmental influences due to its
of preventing electronic system damage is to shunt spring-to-shield pressure method of achieving the Fxng
these currents into the system ground plane at the necessary 360° contact between the cable shield and v (
point where these cables pass through the grounded the system (or shipboard) ground plane. The Bele
metallic boundary. This can be accomplishea by suspected problems with this type of pressure "-'
employing devices referred to as Shield Ground Adap- sensitive shield contact became the basis for the * aX]
ters {SGAs). This type of protection may be required Navy investing in research and development into the W]
at the topside-to-below decks interface of a ship or grounding of shielded cables and conduit. AN
the external-to-internal interface of a building, or KN
the compartment-to-compartment interface between Reference 2 delineated the short-term
isolated below-decks spaces. performance loss that was measured for an existing . J
spring compression technology SGA. The SGA's
Early EMC work on FFG-7 Class platforms indi- performance deterioration after 6 hours ranged from 8 ,.‘ |:
cated that EMI energy was being coupled into below- to 22 dB, over the frequency range from 1 MHz to .'
decks areas by currents flowing on cable shields. 40 MHz. This performance loss increased with time 0‘
These currents were producing below-deck environ- such that after 24 hours the perfarmance loss ranged \
mental levels exceeding the "normal” environmental from 13 to 34 d8. &
levels assumed by MIL-STD-461 far electronic ;\
equipments. Initial efforts to reduce these T
below-deck field levels by grounding cable shields - K
produced significant reduction of below-deck field Dt
strengths. These reductions came in spite of the A\ 3
temporary and unsophisticated nature of various (]
grounding techniques initially utilized to connect
the cable shield to the ship's hull. Military speci- r
fications [1] for electronic equipment now recommend S
the use of SGAs to reduce cable shield currents,
®
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Figure 1: Cable Shield Ground Evolution ,
Syt
7
NEW TECHNOLOGY SGA PERFORMANCE VALIOATION OF EXISTING & NEW Hf(
- TECHNOLOGY SGAs 87
) In a combined effort between the Naval
Underwater Systems Center {NUSC), G & H Technology METHODS OF A.C. PERFORMANCE EVALUATION +
Inc. (G & H), and the University of Pennsylvania .
(UPENN), an improved SGA has been developed that will peen I:‘)1T:::ogzr?:ge::}‘:agéxgdzs:lg;g:?:rf\i;rzéve
mqinta_in a higher level of performance over the ’ 6"‘4
Vifetime of the SGA, even after being exposed to 1. The first test method used to evaluate the .i.if
hostile marine environments. This improvement is due SGA performance utilized a shielded room to isolate "0‘
to the utﬂigation of a new method of bgnding the the SGAs input from its output. This procedure "v
cable grounding contact to the cable shield and to measured input current 1{in) and the SGA output 'H

the development of an SGA that will connect the
grounding contact to the system/platform ground.
This new grounding contact is attached to the cable
shield by soldering it to the shield utilizing a
METCAL developed self-regulating temperature source
SR/TS) with their solder strap connection system
1], Utilizing this technique, soldering
temperatures are accurately maintained at Tevels high
enough to provide an excellent solder bond between
the grounding contact and the cable shield, but Tow
enough to prevent any change in the cable's
ransmission characteristics. A paper by Van 8runt
fd] discussed the mechanical design aspects of this
new technology SGA.

NEED FOR LONG-TERM SGA PERFORMANCE EVALUATION

{n order to evaluate the long-term performance
of both existing and new technology SGAs, a new
construction model (solid version vice retrofit split
version) of each was installea at the topside-to-below
decks interface of an FFG-7 Class Frigate. This
would expose both devices to the hostile topside
environment of a surface shi~ for over one year. Pre
and post installation d.c. and a.c. 1t measurements
were conducted on each SGA at both NUSC and G & H. In
addition, shippboard d.c. measurements were also
conducted on each SGA after six months of exposure to
the topside environment.

1-2

A, A T R gy N R
s Bl T R LI VS A

& AR R A

voltage between the cable shield and the ground plane ) ',:l

v(out). This produced a v{out)/1lin) ratio or a SGA .;i
transfer impedance, It, which was proportional <o the il
SGA's performaace.
vs . W)
2. The second test method utilized a triaxial }\ h
test fixture where an internally mounted inconel S I|
current probe measured 1{in), and an internal .|!
connection between the cable shield and the system ¢
ground provided v(out). "!

TRANSFER IMPEDANCE (2t) TESTING WlTH SHIELDED ROOM

As shown in figure 2, & shielded room at NUSC ®
was utilized to conduct transfer impedance (2t}
measurements at frequencies up to 30 MHz. The

\
shielded room was utilized to electromagnetically S
isolate the SGA input from its output. A high power )
wideband amplifier was used to drive approximately 3 P
amperes of V.L.F. and H.F. currents down the coaxial ‘
cable shield. The SGA output-side of the cable !
shield was terminated inside the shielded room by the "N
50 Ohm input circuitry of the spectrum analyszer, ®
Because of the very low values of shield-to-ground 3
output voltage v({out) being measured, careful N
attention was Jiven to the test apparatus jrounding ,
configuration. To improve measurement seasttivily, . ')‘
ail the high level “"source" equipment were placed ".
outside of the shielded room, and the low level Ial
output measurement equipment were Jlaced inside the .‘r'
shielded room. W
o
NN
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Y
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NUSC Transfer lmpedance (It} Measurement Procedure

ytilizing ¢ Shielded Room

The SGA output shield-to-ground voltage being
measured can be modeled as a voltage source with a
series resistance equal to the contact resistance
between the cable shield and the SGA. At most, this
resistance is on the order of a few milli-Ohms, Ffor
testing purposes, this voltage is a good parameter to
measure because it is inherently immune to all the
cable variables associated with using a dual current
probe measurement method. This measurement of
performance is defined as /{out)/Il, and it can be
seen that it has the units of impedance (2t). This
unit of performance is independent of the SGA
installation, because the shield impedance at the 3G
output will always bde significantly more than the
defined source impedance of the measured voltage,
therefore, the confiquration of the output side of
the cable will have no significant effect on the
Jlout) measurement. Thus this Y(out)/{{in} ratio
orovides 3 transfer impedance (It) value that is
dependent on the effectiveness of the SGA shunt
Jevice and 1ndependent of output cable configuration,

TRIAKIAL TEST FIKTJRE TRANSFER [MPEJANCE
MEASJREMENT METHOD

A test fixture was constructed 3t G & 4 that
would neasure the SGA performance over an extended
frequency ~ange from 19 «d: to 100 MMz, The fixcture

A A N X A 0 T R Do T Do T T Ly

shown in figure 3 was constructed to accomodate the
termination of a shielded cable whose diameter was is
great as that of a R.G. 319 rigid coax {2.5 inches).
The fixture is a modified version of a MIL-SPEC
triaxial fixture., [t is basically operated in a
shorted coax configuration with the input fed on one
side of the short and the output taken on the other.
The input is coaxial, externally loaded, and
internally shorted, and an inconel current sensor is
placed at the shorted end, The ogutput section is
coaxial, internally shorted, and externally loaded.
The fixture resembles a stubb triax with the
exception of the added current sensor. The
sensitivity of this system is approximately 5 nano-
Jhms .

COMPARISUN OF 2t TEST DATA WITH PREDICTED  EMI MODE.
PERFORMANCE

For freguencies below 30 MYz, comparisons of
transfer impedance test Jata were nade nhetween tne
triaxial measurement procedure and the shmieided room
measurement procedure. As shown in fijure 1 <t
comparison of test data from the same new
construction, fingered shield contactor SGA, sreided
SGA transfer impedance (It) values that were within 3
d8 of each other. This closeness 1n data sicurred 'n
sprte of the fact that the SGA was tested ,3'njy
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Figure 3: G&H Technology Transfer Impedance (It} Measurement g
Test Fixture

completely different: (1) measurement equipment, performance would be very high, Also, and perhaps

(2) personnel, (3) shielded rooms; (4) test most important, the model would allow potential SGA

procedures, and the data was measured almost two improvements to be evaluated on the computer, thereby

weeks apart on the East and West Coasts. Considering saving time and money normally expended by conducting

all of the variables involved with each set of It SGA performance testing. The mathematical SGA EMI

measurements, the closeness of the data demonstrated model developed by Dr. Ralph Showers and Mr. Steve

a high confidence level in the accuracy of the a.c. peters (5] also falls within 4 dB of the NUSC and G &

It measurements, H test data illustrated in figure 4. The model data

and the measured data is for an early version of the

In addition to the measured data, the program new technology SGA. This SGA had a fingered shield

required that an EMI model be developed to predict contactor rather than the solid contactor ultimately

the performance of the new technology SGA, If used to optimize SGA performance.

measured and predicted data were reasonably close

(within 10 dB) then confidence in the measured
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EVALUATION OF THE D.C. PERFORMANCE QF EXISTING ANC performance of the 5GA-%0-¥ickpipe taread interfice. .
NEW TECHNOLOGY SGAs To accomplish this joal, a kickpipe extensisn wds
made from the same aluminum alloy as the xickpirge, '
D.C. TEST CONFIGURATIONS The interface between the SGAs and the extensions had 5
. the same electrical, mechanical, and electro-chemica’ !
[t was demonstrated in the EMC laboratory at properties that the SGA-to-kickpipe interface would iy
NUSC/NL that a.c. values of It were too small to be have had. Using the extension allowed removal of the )
measured in the shipboard environment due to other SGA-to-kickpipe extension interface from the ship '
nearoy hull penetrations that caused EMI coupling without disturbing the cable shield-to-SGA connection
between topside and below-deck areas. This coupling integrit , thereby permitting a repeat of the pre- ,,'
necessitated that all a.c. SGA performance environmental EMI testing in the electromagnetically -
measurements be made in the laboratory. However, it quiet laboratory environments of NUSC and G & H. )
was possible to make shipboard measurements of d.c. .
! It. Even in the electromagnetically noisy shipboard 0.C. PERFORMANCE AFTER FIVE MONTHS OF SHIPBOARD e,
' environment, whenever a large d.c. current, [{in}, EXPOSURE N
4 was injected on the input side of the cable shield, a .
} voltage, V(out), could be measured on the SGA output Measurements of voltage between test points A & “
side of the cable shield. This measurement was D (see figure 5) for both an existing spring §
necessary to verify the inftial and perivdic integrity compression style SGA and a first generation fingered e
of the shield to ground contact. As shown in figure shield contactor SGA, indicated the following: )
5, d.c. resistance measurements were made between test ,
points A through E by driving 4 amperes of d.c. 1. Initial pre-installation d.c. values of 2t )
2 current down the cable shield and measuring the d.c. for both devices were very similar, 3
r voltage between test points A through E. The )
physical differences between the two SGAs installed un 2. After five months of exposure to the 2'.'
the ship and the exact location of each test point is shipboard environment: 1‘.
illustrated in fiqure 6. o
a. the d.c. It for the lst jeneration o
NEED FOR KICKPIPE EXTENSION smart-soldered style SGA increased s
(degraded) by 2.1 dB, (3.7 to 4.7
The SGAs are designed to screw into a standard av) /A, ]
; «ickpipe {an environmentaliy sealed cable penetration ‘L
through the deck) that is welded to the deck, and a %
method was needed to measure the electrical "
. v
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Figure 6: Physical Models of the New Technology (Smart Solderad) and M
Existing Technology (spring-compression)
Shield Ground Adapters ';
o~
b. the d.c. It for the spring compression d.c. It values indicate that this goal may not have "
style SGA increased (degraded) by 17.1 been achieved i.e., apparently, movement of the SGAs '.;
dB, (5.3 to 38.8 mvV)/4A. during removal from the ship, during testing at NUSC, » v
or during shipment to the West loast for G & H testing }‘\
3. Even at that early time, preliminary caused physical stress/vibration within the SGA that >
analysis indicated that *hreaded interfaces, resulted in inconsistent 2t data. »
such as the SGA-to-kickpipe extension N
interface, might be very crucial in SHIPBOARD MEASUREMENTS. D.C. PERFORMANCE-VS-TIME '."\?'
determining long term SGA performance. ba'
The d.c. measurements conducted on the ship were '.:\
ONG TEGM DERFORMANCE VALIDATION CF SXISTING AND a jood bdarometer of SGA performance jver time, As r
NEW TECHNOLOGY SGAs shown by other laboratory measurements, the low (s
frequency a.¢. and the d.c. data points are almost '-'{'
ZVALUATIONS OF SGAs AFTER QNE YEAR QF SHIPBOARD exact. [n fact, it was this difference in d.c. data "
ZXPOSURE soints ‘d.c. ship & d.c. lab & a.c. lab; that ilerted
the neasurement team that movement of the SGA was »
Ytitization of the kickpine extension discussed causing changes in the SGA's performar.e .-“
above was to have permitted the removal of the SGAs ;"‘
frgm the ship nt:wt disturbi:g the cao]etshifeld-to- Figure § 1llustrates the d.c. performance ("
5GA connection, thereby permitting a repeat of the degradation-vs-time of the existing 'sgring; ,&
pre-installation a.c. EM] testing that hid been technology SGA over the . month pemo; of time 2 o ,'
conducted in the quiet laboratory environments, was 1nstalled on the ship, The d.c. measurement A
Inconsistent post-installation laboratory a.c. and resuylts plotted in figures 7 § 3 were measured 3t the AN
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points illustrated in figure 6. Measurement point a. the d.c. performance 3f “ne azie ;rosT 1 oaos .
A-to-8 includes the cable shield and grounding the smart soldered contact port:sn 3f “ne L)
ring(s) or fingered shield contactor to SGA body SGA {A-B) improved slightl, wicth tine >
resistance. Measurement point B-to-C includes the {863/750/463 micro-Ohms |, L.
SGA-to-Kickpipe Extension resistance and the F
resistance associated with the first set of threads. b. the d.c. performance of the lst thread .
These areas of tne SGA arc the most significant when interface (B-C) suffered significant *
considering the SGA's long term performance. degradation with time (25/400/6600 micro- .
Ohms), . N
The following observations, taken from the data o
in figure 7, summarize the long term d.c. performance ¢. the d.c. performance of the 2nd thread g
of the existing (spring) technology SGA: interface (C-D) was 37.5 micro-Ohms
{initially) and a low 7.5 micro-Ohms 1
a. the d.c. performance of the cable shield and (finally), i)
the spring contact portion of the SGA (A-B) - ‘i
actually improved with time (875/225/255 d. the d.c. performance of the total SGA [(A-D) ‘.
micro-0hms ), was dominated by the degradation of the L
thread interfaces, particularly the lst O
b. the d.c. performance of the lst thread thread interface. SGA performance degraded ),
interface (B-C) suffered tremendous from 938 to 1200 to 8100 micro-Ohms. - ¢
degradation with time (1.3/9, 300/11, 100 >
micro-Ohms), LONG TERM A.C. PERFORMANCE EVALUATION OF EXISTING ]
& NEW TECHNOLOGY SGAs P

c. the d.c. performance of the 2nd thread

qrounding performance.

[
interface {C-D) caused initial degradation As discussed earlier, the a.c., performance of (%
(50 micro-Ohms), but it was quickly masked the SGAs could only be evaluated in the laborator,. o
by the high degradation of the first thread The kickpipe extensions were fabricated to assist in \,
interface, the removai of the SGAs without affecting their Lot

d. the d.c. performance of the total SGA (A-D)

%
was dominated oy the degradation at the EXISTING TECHNOLOGY SGA A.C. PERFNAMANCE TSST™ 355 U735 ]
thread interfaces, particularly the lst &
threacgisantergaggr3 SG{\lpiggorrpancec:egraded . t_Pre and post {qs;a;lat?on :r.‘c. ‘jgrfomance g,')‘
from to 9, to ) micro-Chms. esting was accomplished using e “USC test

procedure. The results of this testing, conducted 5 :
The following observations, taken from the data hours, 24 hours, and 12 months apart, are shown in J )
in figure 8, summarize the long term d.c. performance figure 9. The range in the short term [Wours) test )
of new smart-soldered technology SGA: results was discussed at the last IEEE EMC Symf@osium l.y‘
[2]. Although a function of frequency, the range in 1
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pertormance nominally ranged from -36 to +24
d8//one-0hm, This represents a 120 dB range in
performance-vs-time. [t should also be noted that
the performance of the device was dependent on the
amount of current driven down the cable shield and
the SGA. A 6 to 10 dB increase in the current
brought about a 6 to 9 dB increase in the SGA's
performance.

G & H also conducted post installation testing
on the existing technology SGA. This testing was
conducted after the NUSC testing and the test results
on the SGA seem to indicate that the SGA may have
been physically stressed during shipment and/or
testing. The G & H testing shows significantly
better test results, ranging from -20 to -30
dB//one-Ohm better than the NUSC testing on the same
SGA. Je also see that the SGA performance once again
varies due to the amount of current driven down the
cable shield and SGA. After increasing the current
by 14 d8 and then retesting with the original current
value of .2 amps, the performance improved by
approximately 6 dB.

Evaluation of the a.c. purformance for the
existing technology SGA shows a significant amount of
variation between both NUSC pre and post installation
test data as well as the G & H post installation test
data. This may have been caused by mechanical
vibration/stress of the test sample between removal
from the ship and between £ast and West Coast testing.
This would tend to suggest that either the kickpipe
extension did not work as planned or this SGA's
performance is highly dependent on contact
resistances/impedances. Hoeft has indicated [7] that
"contact impedance is the major electromagnetic
hardness degradation factor in cables, connectors,
and cableways." [t would appear that kickpipe thread
areas would have to be added to Mr. Hoeft's list of
components having high degradation factors. [t was
verified earlier in this paper {see figure 4) that
a.c. performance testing on the same SGA yielded
results within 4 dB of each other when NUSC and G & H
test methods were compared. This fact, in addition

CPRRUPIE T AR TUR IR TR 200 R TSI TN UM TR LR U PO TUR TSR U TOX PO PO TN PO PN Y

TD 8055

to the nigh degree of correlation_ta tne SGA IM{
mode} developed by Showers [5 & 6], suggests :nat tne
measured variation was indeed caused by tnis Uype Jf
SGA rather than by the test procedures.

NEW TECHNOLOGY SGA A.C. PERFORMANCE TEST RESULTS

Pre and post installation a.c. performance
testing was accomplished using the NUSC test
procedure, The results of this testing, conducted 12
months apart, are shown in figure 10. There was no
change in performance during the first 24 hrs. The
range in the preinstallation a.c. performance was
from -85 to -65 dB8//one-Ohm. The post installation
testing ranged from -55 to -40 dB//one-Ohm. The
difference between the curves in figure 10
illustrates a 20 to 30 dB8 degradation over the one
year period of time it was installed on the ship.

G & H also conducted post installation testing
on the same new technology SGA. Over a frequency
range from 10 kHz to 200 MHz, this testing resulted
in SGA performance ranging from -43 to -31
d8//one-0hm,

Jariation in a.c. performance for this SGA
indicate significantly less variation between both
pre and post installation testing and between “USC
and G & H test data. Therefore, this type of SGA
appears to be less susceptible to movement in the
cable-SGA-kickpipe assembly.

IMPROVED SOLID CABLE SHIELD CONTACTOR: NEW
TECHNOLOGY SGA DEVELOPED

As the existing and the new technology SGAs were
environmentally aging on the test platform, an
improved new technology SGA was developed. This
improved version utilized a new {RG) cable shield
contactor that was almost solid ac compared to the
earlier version that was fingered. B8oth EMI mode!
and EMI test data indicated that the fingered version
caused decreased performance at higher freguencies.
Figure 11 illustrates a range of SGA transfer
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fFigure 11: Comparison of Transfer Impedance Test Data For Three Types

of RG-214 Style SGA's

impedance {It) test data initially measured on the
existing technology SGA {top curves), the new
technology SGA {middle curves), and the new
technology SGA with the improved cable shield

contactor (lower curves).

Even with a range of SGA

samples tested, it can be seen that the new solid
shield contactor dramatically improves the high
frequency performance of the SGA.

1-10

CONCLUSIONS

The d.c. performance of the cable shield contact
area improved slightly with time for both styles
of SGAs,

the long term d.c. performance of the SGAs was
completely dominated by the resistance of the
thread 1nterfaces required to connect the SGAs to
the ship's hyll,

the spring contact SGA's short-term a.c.
performance could be significantly changed by
"re-torgueing” it,

the performance of the spring technology SGA
showed a variation in performance directly
related to the amount of current flowing on the
cable's shield (a current increase of 10 d8
"NUSC) or 13 dB (G & 1) improved performance by

Gl e sy

g or 10 dB, respectively),

as measured by the RUSC testing, the degradation
in performance in the spring contact SGA over
time was much worse than the new technplogy SGA
over time (120 dB-vs-44 dB) (+24 to -96 dB) &
(-85 dB to -41 d8),

thread resistance/impedance is a dominant form
of degradation not actually within the SGA but
one that occurs at the SGA-to-kickpipe
interface,

the d.c. and a.c. performance testing of the new
technology SGA occurred on an early device that
uytilized a “fingered" cable shield-to-SGA
contactor; subsequent EM! modelling and testing
has indicated that a significant perfarmance
improvement ‘up to 35 d4B) can be obtained at
higher frequencies when utilizing a "solid"”
cable shield contactor, and

it is necessary to consider the life (ycle
performance of d.c. and a.c. EM! jrounds,

RECOMMENDAT ; ONS

Develop an EMI model to describe the dejradation
caused by the xickpipe threads; this wou'd hnave
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application for a wide range of EMI grounding
devices,

2. Develop an electrochemically compatible solution
to the thread deqradation problem and evaluate
its long term success by shipboard instailation
and/or accelerated life cycle testing,

3. Develop a military performance specification for
the solid cable shield contactor new technology
SGA to permit it to be used on a retrofit basis
on'Naval platforms,

4. Install a new technology SGA, with the solid
shield contactor, on a test platform in
conjunction with a thread "fix* to ensure that
the highest long-term SGA performance is
achieved to reduce below-decks electromagnetic
(EM) levels caused by EM currents.
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ABSTRACT

The purpose of this paper is to discuss two
phases of the effort required to develop a full
MIL-SPEC connector made from composite materials com~
posed of conducting particles, fibers, or flakes in a
matrix of polymeric material., This connector is
designed to satisfy a full range of electromagnetic,
chemical, and mechanica) properties, including corro-
sion resistance to hostile environments and electro-
chemical compatibility with electronic cabinets made
from aluminum.

The first part of this paper will discuss the
factors involved in the composite material/filler
selection process, including existing and proposed
materials/fillers, The secand part will discuss the
development of a mathematical model which gives the
basis for prediction of some of the electromagnetic
properties of a composite materidl.

Suggestions for further work on materials and
modeling are given, with special reference to emerg-
ing technigues and materials.

BACKGROUND

Given the crowded electromagnetic environment as
well as the potentially hostile land and marine envi-
ronments existing today, there are many incentives to
develop a connector, made from composite polymeric
materials, that will have good and non-degrading EMI
performance over time. To be useful for a range of
applications, the connector must be: resistant to
chemical attack, immune to shock (bath therma! and
mechanical), corrosion resistant when connected to
aluminum structures, lightweight, machinable, mold-
able, capable of operation in high temperature envi-
ronments (>200°C), and provide better EMI shielding
effectiveness (over time) than existing composite
technglogies. Such were the goals established for
the EMI development program.

A cursary evaluation of several ongoing material
development efforts indicated that the key to reach-
ing these goals was to assemble a proper mix of
technologists who would be capable of developing a
full MIL-SPEC connector with performance approaching
that of existing metallic connectors. A development
team was therefore formed that contained the
following expertise:

3. theoretical electromagnetic interference
{EMI) personnel,

b. theoretical materials personnel,

c. EMI test personnel, and

d. connector manufacturing and test personnel.

It was believed that this mix of technologists, all
things being equal, would have the highest probabil-
ity of developing a composite connector with all the
desired qualities.

INITIAL RESIN/FILLER SELECTION AND EVALUATION
The high temperature thermoset and thermoplastic
resins listed in Table 1 were initially selected ‘or
evaluation due to their working temperature,

strength, deflection temperature, chemical resis-
tance, and toughness.

RESIN TEMPERATURE
1. POLYETHERETHERKETONE (PEEK) 23° C
2. POLYPHENYLENE SULFIDE (PPS OR RYTON) 232°C

3. POLYAMIDEIMIDE (PAI) 2200 C
4, POLYIMIDE (PI) 204° C
5. POLYETHERSULFONE (PES) 180° C
6. POLYARYLSULFONE (PAS) 180° C
7. POLYETHERIMIDE (PET) 180° C
8. LIQUID CRYSTAL POLYMER (LCP) 28° C

TABLE 1: POTENTIAL HIGH TEMPERATURE THEQMOSETS &
THERMOPLASTICS MIL-C-38999, Series IV;
MIL-C-28840.

[nitially, due to their good electrical conduc-
tivity and expected good shielding properties,
various combinations and percentages of aluminum
flake and fiber were compounded with the above
resins, The products were tested and indicated that
most of the aluminum/resin combinations suffered from
electrical conductivity degradation and significant
weaknesses in the injected molded materials. (lose
investigation indicated that the aluminum filler
oxidized very rapidly, especially during temperiture
cycling, thereby causing a loss in the composite's
electrical conductivity, with subsequent loss in both
material shielding properties and mechanical proper-
ties. Electrical conductivity degraded typically
over three orders of magnitude, while mechanical
properties had typical degradations of over 30%.

This effect is not clearly noted in literatyre Jes-
¢ribing the subject[1).
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This forced the pragram into 3 reevaluation
period, in order to discover a metallic or
semi-metallic filler or combination of fillers that
would not degrade the inherent resin strength and
would provide a reasonable amount of electromagnetic
shielding that would not degrade with time or
temperature. Several promising resin/filler
combinations that appear to meet the requirements
discussed above have now been compounded. Graphite
and nickel coated graphite fibers in these resins
were to be used as comparisons for conductivity,
corrosion, and modeling, but were not considered to
be viable, due to their causal role in the corrosion
of _aluminum parts in contact with these composites

Resins that were retained for further study
include polyimide (PI), polyetheretherketone (PEEK),
and polyetherimide (PEI). These resins have good
moldability, good to excellent machinability, and
have continuous use temperatures exceeding 200° C
{1oaded). Color was not deemed a determining factor
in resin or filler selection.

Fillers presently being evaluated include PAN
graphite fibers and flake, nickel coated graphite
fibers, carbon particles, indium/tin oxide {IT0O)
particles, ITO particles with graphite fibers, and
aluminum coated E-glass. Early in the study, alumi-
num coated E-glass proved to be an improper choice
due to the chemical tendency of the aluminum to
scavenge the oxygen from the underiying glass, caus-
ing the aluminum to oxidize and become an insulator
rather than a conductor. Mechanical properties were
observed to degrade rapidly, causing pullaway of
fiber from resin,

The galvanic properties of metals and alloys are
given in Table 2 below. The table shows the increas-
ing tendency of the material to corrode as it becomes
more anodic.

€ m . ~MORE ANODIC
GROUP I GROUP 11
MAGNESTUM ACUMTNUM
MAGNESUIM ALLOY  ALUMINUM ALLOY
ALUMINUM BERYLL IUM
ALUMINUM ALLOY ZINC
BERYLL [UM CHROMIUM
ZINC CADMIUM
CHROMIUM CARBON STEEL
MORE CATHODIC - — = = = = = = — = — — — <
GROUP_I11 GROUP IV
CADMTOM BRASS
CARBON STEEL STAINLESS STEEL
TRON COPPER & ALLOYS
NICKEL NICKEL/COPPER
TIN 10
TIN/LEAD MONEL
LEAD SILVER
BRASS SRAPHITE
STAINLESS STEEL  RWODIUM
COPPER & ALLOYS  PALLADIUM
NICKEL /COPPER TITANIUM
MONEL PLATINUM
180) 50LD

TABLE 2: GROUPING OF WATERTALS 3Y ELECTROCHEMICAL
COMPATIBILITY

The unique properties of certain o«ites ina
catalytic-behaving materials to "self-agiust" their
electrochemical EMF's (either by oxygen manipyl-tion
or other charge transfer) make them extremely attrac-
tive in minimizing corrosion due to the dissimilar
galvanic potentials. In addition, some of these
oxides are semiconductive, allowing for overall
improvement of shielding effectiveness [S.E.) when
the materials are fabricated into a connector that
must be attached to an electronic enclosure. [t is
also expected that the S.E. of these materials will
improve with applied voltage/current, thereby making
them perform better during high level electromagnetic
field exposure.

Presently, tests are being made on all of the
above composite resin/filler variations. Electro-
chemical tests are being made to verify the expected
behavior of these materials when galvanically coupled
to aluminum components. EM! shielding, as well as
basic complex impedance calculations and tests are
being performed to verify models postulated upon
distributed parameter calculations. Early results
are encouraging and not without the expected
undesirable materials interactions between resins and
filters.

The properties of a composite depend on 2 wide
variety of component properties. Among these are
relative proportions of resin and filler, size,
shape, state of agregation or aggiomeration, relative
dispersion, and orientation of filler, Finally, the
level of interphase adhesion affects ultimate
strength and elongation and is a measure of the
unwanted condition of “pullaway". For example, for
fibers with circular or square cross-section, one of
the simplified methods of predicting the composite
modulus, tensile or transverse, (the Halpin-Tsai
equation) is:

{1} Tensile: Ec = VFEF + VpEm , and

(2) Transverse: E¢ = [(1 + 20V¢)/(1 - nV¢)jEm
where
no= o {lUEesEm) 1)/ ((Ep/Em) 2]}

Ec is the modulus of the composite, Ef and Em are the
moduli of the filler and the matrix, respectively,
and V¢ and Vp are the volume fractions of the filler
and matrix, respectively. These are the approximate
bases on which the mechanical properties of the ideal
composite were pre-estimated.

A THEORETICAL MODEL TO PREDICT THE
ELECTROMAGNETIC PROPERTIES OF
COMPOSITE MATERIALS

There are a number of theoretical modeis which
conditionally predict the electrical properties of
composites based upon a hopping model[3}, percolation
theory{4], critical loading{5], and simple RC
networks[6]. 4 baseline effort has been made to
establish, not only a verifiable model, but dne- shich
established the electromagnetic properties of the
composite when given a set of specific zomponent
material parameters. As a result of the effort, an
interactive computer program was written and is
evolving, as the model and Jata dictate, ‘nto 1 ool
which will allow for user input of ccmponent fber
and filler) parameters found to be of electrimagnet-c
importance. This program calculates propert as “rom
d.¢. to one gigahertz, and gives dutpult ~hich zan He
verified by testing specimens, either in 3 flanged
coaxial holder for shialding effectiveness
measurements {Figure 1}, in an 3dmittince bridge

"Figure 2}, or in 1 network anilyzer ‘Tigyre 1%,




Ly L iat SURPURIIC RIS FOd X Ty IR R TR UNLN VR VY IR %8500 870 8%" AW G R TA g & VU Y X 'e QBN Bab a0 20 Ra? Bad bt o il et )

. . . s ’ ) S jo:,
B o,
¢

TD 8055 2

Three factors are prime in tae tatsemcegec e o oG
the behavigr and properties 2f compasitas, 5ate Foo- 1
1 mechanical iand electrical point 2f siaw, 2¢77 5,2
of the approach:

.3cm

1. The fundamental materials of which the com-
posite is composed;

2. the morphology and structural disposition of "
the constituents; and )

i 34.4cm © 3. The multifactorial interaction among the o
constituents (e.g. chemical, mechanical, and electri- !,‘
FIGURE 1: FLANGED COAXTAL HOLDER cal). :

Using the filler model which relates the resis-
tivity of the filler material to that of the compo-
site via the volume fraction of the filler, the d.c.
resistivity of the combination can be calculated.

(3) o+ Ver3) [1/(1-vT/3)) 0.

Jsing form faciors for the particle, flake, or
fiber, and combining this with a three-dimensional

matrix, leads to a solvable set of equations invaolv- ‘l';;t
ing resistors, capacitors, and inductors at various e
frequencies and fields. The mode! needs inputs aith .I‘g_’z
respect to electric field and frequency dependence >f .0‘|:§
the resistive and reactive elements, i.e, R'Z L' and ‘i"‘i
(S, ). Typical materials ire being tested for 2., )
and high frequency properties in order to "Fit" tha 'ﬂ'
all functional dependence of UL 4 ) and T'T.L 0, Firse £X]
.. ’ Y iterations are in progress with more siphisticiatna+ @
. measurements and mode! refinements %o follaw., Thog s
m axtended circuit approach will be later <ympired witn h“f
FIGURE 2: ADMITTANCE BRIDGE more complex statistical field theory aoproaches no« l. (
in progress. [t is expected that, at leas%, 31 mode’ :‘:.
, will be proposed which can serve as 3 “first taost" " OMA
for new electrical composite formulations. I:‘.‘
3
Ta i
D.C. CASE .'
A composite sample under an applied d.c. field :“A
has its potential distribution curves bent more dras- Y .‘:
tically over the conducting filler contacts due to A
space charge. The equivalent circuit representatinn |::'
is shown in Fiqure 4. Within at least 2 half srder Qa‘,:
of magnitude, the impedance for a three dimensinnal ""
array of these components is approximately the value "Q'
of I for the simple network. Ignoring, for the time )
being, distributed parameter consideriations, the = me 4
constant of such 3 circuit at 3 given electric “ield ::7
strength, E, is :\;_ N
4 T s R[RECEN] /R 3] :t,,.
»
FIGURE 3: VETWORK ANALYZER assuming smoOth Contours on the Darticle’flace’<iver o
ind an alectrically homogenous, isotropic 2olymer AR
matrix., ®
A number 3f researchers nave noted that currant .’:{'\
“ne model shows tnat polymeric composite siibs controlled negative resistance 'C.2.N.R.!1 ‘s 3dsarved Ny
cantaining conductive particles, flakes, fibers, or ‘voltage fependent threshold initiation [)W Laca) -,“f
combinations If these, have measurable transmission. meating of the matrix/conductive fillar is feemeq *> ﬁ
raflaction, ind absorotion coefficients. The filler Se the cause, the result he'ng quist-frlimentary ‘:\ (]
norphology varies characteristics for electromagnetic conduction, This implies that, 35 the v3ltige ,
ccattering and absorotion in the composite matariils, (field) increases 3cross 3 2amposite 2lement, 'ts e
Thegretical r~osylts far optimum design of IM[ shialda. conductivity and, 3s a resylt ‘ts shelding -
g 2auid be Jderived by ising statistical “ield 2ffactivenass, Increasas. Thig 2fact g ankgnoadt oy L J
theary 3r by 3istributed parameter retwork madeling cartain fillars which themseivas axhihit I, % %, 7, l;'
i5ing froquancy and fileld Jependent Caimponents in the v3t3ge Tntrollad aegative saststiance L, ILN.2L wi bl
malysis. The model should also be applicable to the 0
constryction 3f 3410 anechoic chambers and 2lectro- ' l‘§
11C Pack191ng. Tw0 1ppraaches were merged nto sne { )
©3 1nalyze thrs arablem,  The gtochastic €ield theory Wy
r25u s wera suDerimposed 9n 1 conventional %,
three<{rmensrany] cmnedince qodel with frequency and
frel? tegamtent tarmg [T10 [210 "ol ®
WA
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FIGURE 4: EQUIVALENT CIRCUIT

A.C. CASE

[deally, one would like to see a medium with
just the right combination of coarse and fine[1l]}
particles to provide for maximum composite
conductivity and maximum mechanical strength, as
shown in Figure 5. According to the electrical model
shown (ignoring for now the aforementioned inductive
component), the equivalent Ry/R{E,w)/C(Ew) circuit
impedance should decrease with increasing frequency.
This combined with C.C.N.R. or Y.C.N.R. makes the
composite with semiconducting particles, flakes, or
‘fibers (or combinations thereof) an improved shield,
not only for EMI, but also for electromagnetic pulse
(EMP) applications.

(A) excess of fine particles; (B) optimum composition;
(C) excess of coarse particles.

FIGURE 5: PACKING OF FINE AND COARSE PARTICLES

Applying the effective medium theory[12] to the
conductivity and the complex dielectric constant of
the composite material, 7ne can obtain a relationship
between the properties »f the matrix and those of its
components by

51 Uele fp* - Ze* leg + 2ec*) =

.,’)_-Vf\!g,“- - ecn)/(;_,"« + ggct) \
where

EFf*, €nm*, and €.*
are the complex dielectric constants af the filler,
matri<, and composite, respectively, ind V¢ s the
volyme fraction of the filler,
in general,

50 B - ELT "IN

2-4

e R N A R Kt T

ahere g is the conductivity in mnos/m, <5 g +na
perpjttivity of free space [approximately 2,75 «

10- F/m, w is the angular frequency :n
radians/seconds and € is the real, relative
dielectric constant. So, the equivalent circuit now
becomes a matter of defining a loss tangent of the
medium, the dielectric constant of the medium, the
conductivity of the flake/fiber/particle, the complex
dielectric constant of the filler, the effective
morphology of the filler, and the fraction of filler
participating in the process. The shape function of
the filler is obviously important in the estimation.

RESULTS

Using the form factors for e particle, flake,
or fiber involving cross-sectional area considera-
tions of the filler (A), inter- iber/flake/particle
spacing (d}, frequency €, resistivity {0 ) as in equa-
tion (3), the impedance of the specimen can be
expressed by

(7) Z= 'j/[p (F-(ﬁrA/d)‘j(A/Opd)] * 3.

The program written to implement this affarr 1g
simple and interactive. The resylts were compa~ad
initially with graphite PAN fiber samplas in g9ly-
carbonate and carbon particles in polycarbonate.
Measurements of impedance-vs-frequency, for 30 weignt
percent fiber cylindrical samples are shoawn in “igyra
6. Measurements on the rertanguiar samples 172 shown
in Figure 7. Table 3 depicts calculited-vs-meisireq
values for impedance and phase angle for <yliniricil
and rectangular samples of the short fiber ,artety,

87.0 T

669 —— ot
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8
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10K 100K
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IGURE 6: MEASURED IMPEDANCE-YS-FRE7T/ENIY =72
CYLINDRICAL SAMPLE JF GRAPHITE [N
POLYCARBONATE 73,1t
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FIGURE 7: MEASURED IMPEDANCE-VS-FREQUENCY FOR
RECTANGULAR SAMPLE OF GRAPHITE [N
POLYCARBONATE (@.1V)

MEASURED CALCULATED
I{p)/Phase Angle (=) Z{g)/Phase Angle (o)
Freguency
CYLINODRICAL SAMPLE

10 «Hz 66.080/-0.011 155.350/-0.63
100 kHz 66.047/-0.081 158.50 /-1.3

1 MHz 65.933/-0.548 154.330/-4.5
10 MHz 66.951/-3.845 157.550/-7.2

RECTANGULAR SAMPLE

10 kHz 127.50/-0.014 171.01 /-1.05
100 kHz 127.41/-0.198 192.53 /-3.8%
1 MHz 126.90/-1.661 215.80 /-6.88
10 MHz 121.38/-11.574  235.80 /-15.56

TABLE 3. GRAPHITE FIBER COMPOSITE TEST COMPARISON

Samples of 40% graphite fibers and particles
were also fabricated in polycarbonate and measured
for shielding effectiveness in the ASTM dual chamber
hox. EM] Shielding for the PAN fibers ranged from
5048 1t 15 MHz to 40dB it 1 GHz and from 5348 at 15
M4z to 36dB at 1 GHZ. Calculations based upon com-
plex impedance and using the model developed gave
values that were 10 to 22% below the measured values
for the fiber and 12 to 29% below the measured value
for the particles. These values are not vastly dif-
ferent from those found in the literature{13].

CONCLUSIONS

The results shown in Table 3 indicate that there
is at Jeast order-of-magnitude aqreement with the
initial model. However, fiber alignment is extremely
important in the calculation and the exact place this
aliqnment factor plays in the model is elusive.
Further tests on non-aligned {particle) samples indi-
cate that, at the time of this writing, particulate
samples tend to he more predictable than are fiber
samples.  Though variances are noted ‘n this model,
ttial roegylts are sncnuriaqing in that it appears to
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be .1 parametric model that can predict basic electri-
cal properties of composites, at least at lower fre-
quencies. Other data is being assembled and refine-
ments on the initial model are being made. The
authors feel that this approach is indeed a viable
one for design and will be pursued by testing and
modifications as dictated by results and feedback.
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CONDUCTED EMISSION MODELS FOR SWITCHING POWER SUPPLIES

y
Anthony B. Bruno
Naval Underwater Systems Center
New London, CT
203-440-4904

ABSTRACT

Military Standard 46lC specifies the limit for
harmonic currents generated by electronic equipments
in the frequency ranges that cover CEOl emissions (6Q
Hz - 20 kHz) and CEQ3 emissions (20 kHz - 50 MHz}.
These emissions are typical of the electromagnetic
interference generated by switching power supplies.

A computer model has been developed to study the
effect of nonlinear loads on military power distri-
bution systems. Harmonic distortion caused by
nonlinear loads is modeled by ideal current sources
shunting the appropriate load impedance. The current
sources can be given assumed harmonic structures
that match measured data. Harmonic voltages and
currents are computed at various points in the sawer
distrioution system, and the total harmonic
distortion is estimated as a figure of merit for the
particular configuration. Predicted values of total
harmonic distortion will pe compared to actual
shipboard measurements.

[NTROOUCTION

In the past few years much emphasis has been
placed on the effects of nonlinear loads on military
power distribution systems. Power converters,
particularly switching regulators, introduce harmonic
currents onto the power distribution system.

Harmonic currents introduce many problems including
interference with other electronic systems, increased
power losses in motors and other magnetic devices,
development of secondary harmonic torques that can
lead to undesirable machine vibrations, and increased
structure currents that flow through input-to-ground
capacitors to the ship's ground plane. These
harmonic emissions fall into two frequency ranges: o0
Hz - U KHz (CEQL emissions) and 20 kHz - 5u Mu:
(CEO3 emissions)t‘ . CEQl emissions are usually
related to the rectifier and input smoothing filter,
and CEO3 emissions are related to the actual
switching frequency used in the dc-dc converter.
Because many engineers include switching power
supplies in their designs, much concern has deen
expressed about tne electromagnetic interference
LEMI) caused by these devices on the power
distribution systems. Figure 1 shows the harmonic
distortion un a laboratory power distribution system,
A worst-case computer model nas been developed t9
assess the impact of this EMI on a typical military
power gdistribution system.

Severa) off.the-shelf power supplies were
measured to determine the effects of various types of
smoothing filters. Typical switching power supplies
use capacitive smoothing filters. These give
reasonadly good ripple for low cnst, weight, and
volume. unfortunately, capacitive smoothing filters
secome increasingly ineffective at lower frequencies
permitting increased harmonic levels to return to the
jenerator and are usdally responsible for CEOL
emissions farlure. Figure 2 shows the spectrum of a
three-phase power supply that uses a capacitive type
smoothing fiiter. This spectrum appears flat to some
point ,the l3th narmonic) and then falls off at i/n’,
several other power supplies were measured ang found
to nave fall-off rates between 1/n and i/n’,

switcning power supplies also exnipit conducted
eM1$$10N5 1n the U xHZ to SU MHZ range. Designers
nave typically chosen switching frequencies around 2V

kHz because frequencies less than 20 kHz can cause
EMI in equipments and are more difficult to filter.
Frequencies above 40 kH2 can cause additional EMI
problems but are easier to filter.

LEVEL AT 60 Hz: -5.3 dBA

}
ol 1
277
e _20f i L
2 : ! :
£ -3 b
g | Lo
£ -w0p e 7.‘;".*—, - . . T
o L il‘ Pl
. . I . b .
-0 : i +
i
20 200 2,000

FREQUENCY (M2

Figure 1. Harmonic Distortion on 60-Hz, Single-Phase
Laboratory Powerline -
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Figure 2. Line Current Spectrum for Phase . of the
8QQ-5 Type 4B Power Supply

Some manufacturers are produCing .UV watt
switching power supplies that operate it JuU «+Hz, Zut
the conducted emissions from supplies 1n this range
are highly d'nendent upon tne fi1ltering provided 2y
the manufacturer, {n this study, ratner thnan
providing a detarled model for every power supply, 2
general worst-case switcning model has Jeen
developed. [t s assumed tnat tne filter >etween tne
rectifier and the switcning circuit nas oeen
optimized to provide smootning, Circutt staptlity,
and the necessdry rejection at tnhe swiilining
frequency.
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Because the primary interest of this study 1s
the effect of the switching regulator on the input
power line, only the rectifier, input filter, and the
dc to dc converter are investigated. The study
included measurements of various rectifier and filter
combinations as well as the development of several
computer models. In this regard, both forward and
backward models were investigated. [n both the
measurement and forward modeling phases, detailed
knowledge of the circuit elements is required.
Although this requirement makes forward modeling less
useful in EMI analysis, such models nevertheless
serve to provide an understanding of the device. I[n
the backward-looking model the nonlinear source is
replaced by an equivalent current source with the
appropriate harmonic structure. This approach is
ideal for EMI analysis because the general
characteristics of the switching source are known and
can be easily computed. Thus, an EMI model can be
constructed that computas the effects of the
nonlinear switching power supply without a knowledge
of the circuit elements in a specific supply.

COMPUTER MODEL

A new computer program, POWSUP, has been written
to predict CEOl and CEQJ conducted emissions from
switching power supplies. This program is an
outgrowth of a program originally written in 1976 to
predict total harmonic voltage distortion from
nonlinear loads on three-phase power buses(?).
Similar to its predecessor, POWSUP 15 an interactive
program that asks the user for the various parameters

SUBROUTING Fi.TEA

comeutes
AMPLITUDES V8.
SREQUENCY OR
'ORALIZED FULTRR

FOR, a ' N
ENTEN PARANETERS
p4| oM €ack s0amo came |
NOUCTANCE. LiNELing

\ CAR POWER PuLIE %0

of the power system to be modeled. Jutput ‘s
returned to the screen where the user can obser.e tne
voltages and currents in various locations an tne
power bus. The total harmonic distortion {THD) 1§
then computed for the range of freguencies specified
and for each load in the model. If switcning power
supplies have been specified as the load, the CEOQ3
currents returned to the generator are also shown.

At the end of each model the user is given the option
of running another case. Figure 3 is a flow-diagram
for the computer program.

POWSUP is divided into a CEOL and a CEOQ3
section. The program can calculate harmonic voltages
given the configuration of a snipboard powerline.
These voltages can be used to predict the THD
expected at various locations on the power bus.
Harmoni¢ distortion can subject susceptible equipment
to voltages that will cause degraded_operation. The
CS01 specification of MIL-STD-46XCT‘] provides the
level of voltage required on input power lines to
cause degraded operation of susceptible equipment.
With this information, the ship designer can 1dentify
potential problem areas before the equipment is
actually installed on a platform,

THE CEOL MODEL

The computer program models a balanced tnree-
phase wye-wye or delta-deita power distripution
system as a single-phase circuit. Harmonic
distortion caused by nonlinear loads 1s mode'led Dy
ideal current sources shunting the load 'mpedance.
These current sources can De given dassumed nNarmon:c
structures that match measured data. The model can
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analyze up to 10 palanced loads fed in parallel from
the generator. Harmonic voltages and currents are
computed at various points in the power distribution
system, and the total harmonic distortion is
estimated as 2 figure of merit for the particular
configuration. The model can accomodate a 60 dz or
40U Hz generator.

Figure 4(a) shows a typical delta power
distribution system and figure 4(b} shows the
equivalent wye distribution system. [f the systems
are balanced then we can write the delta system in
1ts equivalent wye formulation as

Zab
Ion =22,
an 3
anl = /T |laols
and »
Vabl = /T [Vanl -
z‘ P——‘T——“v
1 Py ]
z D,
i ZgU z L " A J\
Zgi ¢ 7, I
- - A - he
zy, . 2[] Fn
—,— ) — Aﬁ;— .

Figure 3(3). Delta:Delta Power Distribution 3ystem

2y
T - -
23 . 23z i.n 3
R B e
— T D
~ I , -
zg3 = 2 h~3
- Z,/3 R T
) SN o d

Figure 3{b). Equivalent wye:Wye Power
Distribution System

fach representation has an equivalent formulation for
tne total power. The total power transferred ta tne
lgad for the wye J1stribulion s

P23 Van'lian] Pf - Ny

“ne power factor, P¢, 'S assumed t0 be umity. dy
su0stitution of tne =quivalent { and [ 1n equation i,
tne total power transferred to the Joad 1n the
2quivalent Jelta system can pe found. Jnce the wye
formulation nas been determined, we need only analyZe
ane leg of tne circuit to determine the voltages and
turrents for the system. Figure 4(C) shows the wye
system reduced to one leg.

Figure 3 shows one leg of a power distribution
system that nas N nonlinear loads in paraliel. In
yrder to vredict tne narmonic 1istortion due to these
13335, the noniinear '-35 are replaced by linear
s4rrent sources wnose properties are Jeterm.ned from

2
Rz
a0 l1ne-to-neutral
N
nd
H JJ
L1ne-to-Tli1ne-Current
‘)'iD

RN RN AR AR N OO PUN T Y UN L WL W WA SR AW I HORUKR

‘

‘l"'.' T "' ‘ol % o / ) Sl "‘ *,
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2,3
— -
23] 233 3
() L L - L3
P o

Figure 4{c). One Leg of the Wye Power
Distripution System

Figure 4. Power System Configuration, Where [g [s
Generated Impedance, Iy [s Transmission Line Impedance,
I Is toad Impedance, and I, [s the Amplitude of
the nth Harmonic

}___
F
N

Y =

! Zbm

2; = GENERATOR IMPEDANCE
Z, = TRANSMISSION LINE IMPEDANCE
Zy, = BRANCH LINE IMPEDANCE

Z, = LOAD IMPEDANCE —

Figure 5. One Leg of 2 Power Distribution System
Aith m Nonlinear Loads in Parallel

The spectral properties of the current source
can be specified as having the following character-
istics: 1/n, 1/n'.%, i/n*, or 3 percent of
the fundamental, or capacitively coupnled model. These
correspond to fall-off rates of -20 d8/dec, -30 dB/dec,
-40 dB/dec, and O dB/dec, respectively. The capaci-
tively coupled model represents a flat spectrum to the
13th harmonic and then a fall off of -60 dB/dec. The
1/n model represents the inductive filter model where
the inductance is very Much greater than the criticai
inductance[*]. The other mczels refer to fall-off
rates that have been observed experimentally. The 3
percent model is the limit imposed by MIL-STJ-461C.
Far any source, tne amplitude of 1 jiven
narmonic can pe Jetermineg from

T = 1, oF ==

n° by

wnere M

n = numper of tne narmonig,

m = siope of the fall-orf rate,

SF = scale Factor = .,

1, = amplitude of tne fundimental,
ind In = implitude C° the nh narmonic.

The scale factor parameter 3llows tng “13% 5Deltrum
node! to be i1mplemented. For tne 3 percent 72de’l,
SF=.d3 and m = L. In fact, any €1at spectr.m nole.
could pe 'mTpiemented ~1tn th1s parameter.
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Jne of tne tzcnntques Ly re’ the anplitads of
tne low freguency reciifiar nirnonits 1S to use
nuiti-pnase Jgwer 3upplies.  Ln aur agdel! We nave
assumed tnat tne power s 5tem 1s 3 bllinced three-
pnase delta connecte: ssstam. A tnree-phase full
wave rectifier nac 4 puise rate of o. This means
that the narmonics are related by on = i. Poxer
supplias naving asgner pulse rates will smift tne
narmonic frequencies oy multiples of six. For
example, tne first harmonic for 3 Z4-pulse system
would oe the J3rd. Additional harmonics would pe
generated according to 24n =i, for n = [,Z2,5,. . . .
Note that (/23 = J.u4 15 very close to tne 3 percent
narmonic current limit required by military
specification(3. witn tre tecnnology aiready
avaiiaole to implement this technique, it is
necessary to analyze nonlinear loads that nave pulse
rates jreater tnan six.

To compute the harmonic voltiges at each load
and at the point Jenerator output .see figure o), the
cdrrent that returns to the genzrator from each
source must be xnown. To compute the current, the
total admttance of tne circult must de calculated.
The following analytical procedure snows how the
nar~onic valtiges 3and currrents 3ire Zomputad.

Tne varraples for eacn tranch at each narmonic
frequency are jerinea as

wou

10 joltage 1% the point jenerator cutdut
3 Agmittance of the jeneratdr und
transmissign line

Am = Ratro of the current returning tJ tne
jenerator from the mth arancn
to the total current of the mth pranch or
tne total admittance of the network as
seen from tne miM pranch

{n (fi = Source strength of mtN oranch at

frequency f

Agmittance of rc network of the mth pranch

rcm -

‘. = Sum of tne azdmittance of the drancnes,
2xcluding the ath srancn

ip = .mpegance of tne mth load

‘n = Admitiance of tne mtN oranch

Zom = Impedance >f the mth prancn of the power
caple

lm = lapachrtance of wtM brancn

R = Resistance of the mth load

Rym = Resistance of the mtM brancn of the power
cable

-om = Inzuctance of tne nP orancn of tne power
sanle

:J : 3enerator ' npedance

ot = Transnission line rmpedance

J; = 3enerator resistance

<3 = _tne-neut©al inguctance of jenerator

e = Teansmtsorgn line resistance

o = Transnessian Tiae tnguctance

. = oitage Lf otae ot joad

Tne ,)'taje 3l Tne DI:nT jeneratir Hutdut see figurs2

3.4

Yo atA ath eV avd’ TR T e I WO o s
- _' --A. 'uh

1S tne tutal jameittance .7 oo
tne mLn drancn.  The sariuas
ire juien oy,

M
fr® E NI YT e :{Z 1Er
m=1 :

> s r
Yalf) = Yremtf) ,
Tom () Vrcalf] + 1
Yeem © Julmlm + L,

Am

The 1mpedance of the mth arancn lyq ,see figure o, 15
jiven oy,

Zom = Rpm *+ Jwibm

The admittance of the jeneratys ‘s

1; B '
Anare

R T B
ind

EEE Q[ c e
Singly, tme goltage At tne w0 Dag saa se g
from

. . ~—
in * ism in ¥ MEPE!

Tnis 15 an approximation of tnhe trye /31tage, 1S
shown in figure 6. The nonlinear 1nad 1ouid =235 'y
niave deen represented witn the currant 39urt2 0
series with the load; 1n tnis Case, &tne =23udi'an ‘:or
the voltage w~ould de =xact. T“herefire, 15 31 Firgi
pproximaticn, T s 3ssumed tnat the voltage
Jistortion at tne load lep2nds dnly on the Jaltage
arop on the dranch connected ta tnat load, plus tne
voitage distortion due to the narmonic Zurrents
returniag to the generator. Note tnit :n tnis
particular mode!, pp, Ag, INd R4 ar2 1530Med D Nive
zero ling resistance, #N1CHA 15 27 J003 3pOrocIMAT:IN
for low freguancy narmonics,

GENERATOR
—  OUTPUT
T b1 M
ci= Rai ey
. Cz =z RZ:- A lL?
Zom * -
Zg = GENERATOR IMPEDAMCE Cm= Rpy. éle
Zy = TRANSMISSION LINE IMPEDANCE
Zy, = BRANCH LINE IMPEDANCE
L = LOAD IMPEDANCE

Frure 4, Tme aq af gy Tower cnter toon
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The Tnb 15 zomputed using an approximation of
*ts stanaard definition dy tne Institute of
Clectrice” and Electronics ingineers ieEE, (3.
Thus, for 1 tnree-phase nonlinear source, the THD 1§

\vﬁvp{o{z QVZ)“
R R TRT

T 100 + 1%,

7

where Vi is the rms /oltage at the fundamental. The
1 percent 15 addea to 2ccount for the harmonic

voltage distortion attributable to the generator.

[n summary the CEQl model includes multi-phase
power supplies, up to 1O narmonics of the
fundamental for a six-pulse rectifier (the number of
harmonics for nigher pulse numbers is determined from
Egg where P is the numoor of pulses), choice of five
harmonic fall-off mode's, including a modei for
capacitively coupled power supplies, computation of
CEQLl conducted =missions currenr: that return to the
generator at each harmonic, computation of THD for
all narmonics, error trap routines, and the ability
to cycle tnrough the program to run multiple cases.

CEO3 EMISSION MODEL

The model for switching power supplies repiaces
tne nonlinear load with a linear current source
naving spectral characteristics simliar to the load
it is reo'acing. Tme CEQs current source would oe in
parallei witn “ne 101 source and would nave 1rfinits
impedanc.., ~i$ 3 necetsary to prevent current from
the CEQL :ource from se> -y an additignal branch.

The new current source ~"ld replace the smoothing
filter as well as the switining circuits. This 1s
all that is necessary to model because most switching
~equlators are trans’ormer coupled for dc-dc
vsolation. The impedance of this second source would
effectively be the resistive component computed from
the output power, or

The characteristics of the smoothing filter are taken
1NLO account 1n the computation of tne amplitudes of
the narmonics for this source.

The cnaracteristics of the CEQ3 current source
zan %e fgund Dy assuming 3 worst-case model first
Introduced oy Kamm (%, 7] in 1978. Figure 7 shows a
simplified model of the worst-case switihing
topology, #nich 1s tne 3uck converter. Here the two-
J0le switch represents the switching transistor that
tarns the anput Zurrent JN gand rt, rzsuiling 1n 3
square wave on the 1nput side of tne device. The
J1ade maintains Zurrent 1n the load wnile the switin
's off.  dowever, tne switcning transistor nas a
‘inite rige an3 fall tome; typical switining
transistor ris2 imes are dn tne aorder of 1J0 ns.

CURRENT 1) _J’—{_J’_m_ L

de ly &

<

.
|

4o

&— [ N ——
oo T0 Gemple Model Hf Swrtihing Power Tupply,
st n3 3o Tapotuyy

S N )

\
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Tnus, 1n this model, the swilIni~j >.u72é 5 *=3 i c:
Jy & symmetrical trapezoirdal periodiC wavef jrm,
Figure 31a) Snows the wavefarm for tne propose)
Current source. The normalized Fourier coefficients
far an infinite train of symmetrical trapezoidal
pulses are

Ch = I-ET7 ftesin{nnf(ty « te)]sinlnnft,),
nn

where the constants are defined in figure 3(a).

Figure 8(a). Trapezoidal Wave with period T = 20 .sec,
rise time t. = 30 nsec, and duty cycle t, = 25usec

In order Lo more accurately modei tne wavesnipe
of © - saitching current, tne turn-Jn spice OF e
Jioue . oovery current can 1lso pe 11ciuded.  Tne
jiode re ‘very spike 1s modeled as a pulsed,
cryticaily .amped, exponentially deCaytng s 2 wase.
decause tne zotal waveform 1s tne Summiat:yn 37 tay
ingepende 'L offects, tne waveforms lan e naijzel
separately in tne frequency omain. Fijure :.0
snows the wavefarm of tne pulsed exponentijiy
decaying sine wave and i1s represented Jy,

f(t) = e-at sin bt
where
a = gamping fartor
o = Zn fy, and
fo = frequency of the sine wa/s.
The Fourier coefficients for L c ~aveform snown

n figure s({o) can de found Dy integrating f.t’, odver
the period by

T
Ca = 1/T [ firye-d2mtfyy
Q
.—vx'
-
T
Jite 5.0, Julsed fxponentrally Seliyng e wave
angre T o= 0y Lsel, Ty o2 0 MH x o=y L )0

ngd T o= U L2l
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Tne ntegration jives tne normnalizag coefficients i
D i (ezzt -4 E'zl: ‘L)
“n - _—
2jT z, z,
shere

and

I,o= a2~ j.3 - an fy)

The combined waveform for the trapezoidal
switching current with diode recovery spike is shown
in figure 9. The resultant Fourier transform is also
shown in this figure. This plot is for a switching
frequency of 20 kHz, rise time of 30 ns, and a 1 amp
turn-on spike. This curve serves as the basis for
our model. Xamm(®] gives the characteristics of an
idealized smoothing filter, and this filter has been
implemented into the model to compute the estimated
amplitudes of the CEN3 current source. Figure U
shows the characteristics of this filter, and frjure
L1 shows the estimated amplitude of a 1 amp switching
source at 2y xidz reflected tnrougn the smoothing
filter. These estimates agree very w#ell with those
shown in reference 6 for similiar waveforms. Note
that in this new model, switcning frequencies up to
=100 «rz are allowed. For switcning currents greater
than 1 amp, the amplitudes can be scaled by,

Ry = 20 ogll,.

e - I T f = 20 kHz
10 E
< 90 - '
= A
e
2 1o
50 |
30 . . - e
10.000  1000.000 1.000,000 10,000,000
FREQUENCY (M2)
r—— T ——=
Fijure 3, Fourier loefficrents for 20-x42 Trapezoidal

dave Artn Zrode Recovery Spiae
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Figure 1l. Estimated Amplitude of Switching Source
Mode! at 20-kHz Reflected Through Smoothing
Filter. Alsy shown is the 203 limit line for 3 53 -2

load current <14 narrow band. Note that the 1113

limit line is not shown 1ibove 1 Mz,
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Hypothetical Power Supply Runs

Because the low fraquency conducted emissions
dominate harmonic distor%ion on the power bus, the
effect of using multiphase power supplies will be the
first example shown. FTigure 12 shows a 135-kW, 400-
Hz power distribution system with six nonlinear
loads. Table ] compares the THD at the point
generator output for various multiphase supplies; all
the sources are assumed to have a 1/n fall off, 0°
firing angle, and instantaneous commutation.

GENE OR
TRANSMISSION QUTPUT .

LNE _ ol e 43
o "f E: ! 5.044H Lkw iy
28.12uH ;
: .
T 135 kW -3
<Z{ 400 Hz S 23
2 15y 3.36uH 7 kw R
- e g
. 118
0.76uH kW v
v aldd
-5
ca e - - 1.4 [N,
5.67uH w oy
- ‘6
e J18
2.38,H LL N

Figqure 12. Hypothetical Powerline Configuration

Clearly, as the pulse number. increases, the THD
decreases. In fact, for 18-pulse supplies, the THD
is almost 5 percent, which is the limit for voltage
distortion, and for 24-pulse supplies, the THD is
below the limit. However, the real problem with
harmonic current is not the type of distortion, but
the magnitude of current flowing at the various
frequencies back to the generator. Table 2 shows the
current that -eturns to the generator for the various
pulse numbers. “ote the particularly high currents
that are flowing in *he JLF range. If these currents
ire allowed to “low an the structure through line-to-
sround filters, larde magnetic fields, which could
snterfere with sensitive aquipment or low level
s1gnal transmission lines, would be generated.
Ctructure currents dre known to be a sigmificant
oroblem, part-cularly in the VLF range.

1

aple 1. Tomparison of Tatal Harmonic Distortion TTHOY
CTHOY a3t Poynt Generator Output for
Multipnase Supplies

T

Palse No. THD '%)

L VA R A R S WX Y X A A VY ' On AN ATaeay sop .
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Table 2. Predicted IEOL Turrents Jeturrcng o
Generator for Various Pulse ‘iumbers

Current (A}
Frequency (Hz) 6 12 18 | 24
PULSE | PULSE | PULSE | PULSE
2000 41.8 '
2800 27.8 !
4400 15.0 15.0 ! i
5200 11.6 1.6 [
6800 7.5 i 7.5 1
7600 6.2 6.2
9200 4.4 4.6 i 4.4
10000 3.8 3.8 ! L 3.3
14000 2.4 Lo2.8
14800 1.8 ;1.3
18800 1.2 1.2 | CoL2
19600 1.1 I.1 f [ 1.1

Shipbaard Run

As a final study, shipboard dati ~il} He
compared with predicted data; figure 13 shows the
power distribution system for the shipboard data. I»
this experiment, the THD was measured far varinjs
loads on the 400-rz, 43.2-kW power distribitian
system. An attempt was made to model the sa7'3us
sources with the appropriate fall off; nowever, 3ftan
the measured harmonic fall off was between the =odeis
available. [In those cases, the model that srov:ided
the best fit was chosen. Line~to-ground capacitance
was included when the diata were available. Table 3
summarizes the measured data, comparing the predictad
THO with measured values. All loads were six-pulse
squrces. The data shown in the table, although by no
means exact, are close enough to indicate that tne
chosen model is a good first attempt at predicting
the expected THD. Table 4 shows the expected
currents that return to the generator from these
loads. These data were computed under the same
conditions as those in table 3. The currents shown
in table 4 are by no means insignificant: if 31lowed
to flow through the structure, they would cause
considerable interference. One way to cont~a! the
propagation of such structure currents is %o provide
isolation for all nonlinear eguipments. 21though
this works well in controlling structure cur-ents,
the extra weight and expense to provide this
isolation are prohibitive,

Table 3. Comparison of Measured and 2redicted Vaiues >f
Total Harmonic Jistortion "THDY fenm
the Shipboard lata

_oad  Measured “HD ' dredictad "HD  Moge' ‘in.

%) 1
1 3.3 :
2 31 :
b 1.2
EO .58
3 3.7¢
5 1.39 ;
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L PSF4 POWER PANEL | LOAD SIDE OF PSF4
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POWER POWER m&:mn
8 65uM 4S/H (kW) (kW)
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~A e us 0.66 - 0.86 1
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Figure 13. Model of the 43.2-kW, 300-Hz shipboard power Distribution System

Table 4. Predicted Emission Currents Returning to
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Abstract

The crosstalk between two parallel braided
snield coaxial cables is examined. A comparison is
1ade between the existing transmission line model,
traditionally used for analyzing such coupling, and
3 new integral equation formulation. Measurements of
the far-end crosstalk (FEXT) were made and the
correlation of this data with these two theories is
discussed. In particular, it was found that, at high
‘requencies, the integral equation approach was much
sore accurate at predicting the crosstalk than trans-
nission line theory.

1. Introduction

Models currently available in the literature
“ar describing crosstalk between two parallel coaxial
caples are bhased on the premise that tne coupling
sccurs via a two wire transmission line wnich consists
3f the cable shields [1-5]. For the case where the
shield ends are shorted together, measurements of the
“ar-eng voltage transfer ratio up to a frequency of
I 3HZ have been reported and this data agrees with the
<neoretical calculations [2]. The measurements, how-
sver, were performed only for small cable separations
- ind no attempt was made to determine the crosstalk as
3 function of cable separation.

In this paper the crosstalk between two
zoaxial cables is calculated based on a new contept.
namely, the shield of a coaxial cable can be madeled
is a transmitting linear ancenna with driving sources
Jn this antenna arising from electric and magnetic
“ield leakage through the shield. The crosstalk be-
tween two coaxial cables is then calculated using an
"ntegral equation approach.

2. Formulation of the Problem

In developing a theoretical model for the
:rosstalk between coaxial cables, the idealized
sonfigyration of Fig. 1 is considered. This configura-
Z10n was chosen because it exhibits a number of the
sasic orinciples involved with such coupling. Here

*ne source cable is infinite in tength and 1ts outer
The receptor cable is

sanductor is a flexibie braid.

Ty 7. lzeaivzeg Infcnive Zasle IInfriuratton

R M X X
hd

PA

AN

19104-6390

also infinite in length, but is braided only over a
finite section of length L. The rest of the receptor
cable snield is solid metal. In general the radii of
the cables need not be equal, but are assumed as sucn
for analytical convenience. Also, the shield radii are
assumed to be small with respect to a wavelength such
that k°a<<1 where a is the shield outer radius and Ky

is the free space propagation constant. In aadition,
any currents induced along the outside of the cable
shields are assumed to be circylarly symmetric. These
assumptions comprise the thin wire aoproximation and

25 a consequence of this we need only consider electric
€ield cemponents parallel to the cable axis.

Throughout this paper a time dedendence of
axpiiut) is assumed, but suppressed.

3. Transmission _ine Solution for tne Zctarral
Shield Zurrents

In transmission line <crosstaix theorv sne
snields of the two cables are treatea 3as 3 two wire
I1ne and this two wire line is 3Jriven by “ieid led«age
from the source cable. This leakage is ~ogeied o5y 2
gistributed voltage and current source aicng “he two
wire line [31. In the oresent case both cabies are
infinite in length and these sources are given Dy

é(z) = ZtIsexo(-Jiz)

and

J(z) = -Vtvsexol-Jiz) 2

respectively, w~here Zt is the surface “ranser

t is the transfer aamittance, :s
current amplitude along the inside surface 2f tne sourcs
cable shield, IS is the amplitude of the soitage z1%¢ar.

impedance, Y ‘s tne

ence hetween the sn:eld and the center Zancuctor 2f ne
source cable, 3 1§ the dropagation constant "ns'le <re
cabie, and losses along tre ‘nsige of <he source cacie
are assumed t0 be negl:icidie.

The expression for the Current 2istriduticn

1long a transmission l'ne ercited Dy Iistriduteq
sources s well «nown ang s ji1ven dy 3.
oz T3 2 e 27 Taxpi-.z!
c v z ""Js‘e‘o ' N
c Tt At ez
«nere Z*S 's tne characteristic 'Toecance XF tte two
b
~ire line consisting Of the cable sntelds, =iex s
tne 5repagatian Ionstant 3€ the two wire Tore, ang
2z I 203 5.8, 5 3§ -
’ Ttis o e -
3( PRI S f 2 -.8 L5 02S B
TTas - -
LIS IO I LY &) " ™ 8a” X g LY 4
I L R A Y ™. A O Sl %y
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l. |
L
, f” an 3 s o e -~ - e 32 e "
A ) 8C. s 3 anG .J, TIr Tte lTrresIingtng ludrttutas A%
izl = _gi Lemws).}(s‘,ds 6] an. 1 we ptain ®
z j" : of L 2, Ll R . e
/ os . ( -).E N i U TP o Y
s =2 e - (7 - N 3
Ql2) = 5= 4, exnl-vs)d{s)as ) o2t . o "z Tear e ‘.:4
4
{n using this solution, initially the cables are wnere Azl is the .nagnetic vec:or poiential due to the th .f
assumed of length L. After a solution is obtained the . )
Timit is taken such that L goes to infinity. external current on the source cable snield, and AzZ .0&
) is the magnetic vector potential due to the external
Using eq.'s {1}, (2), and (4) through (7) in current on the receptor cable shield. A simi'ar equa-
2q. {3), the transmission line solution for the ex- tion for the receptor cable shield is also obtained. .t
sernal shield current is obtained as In this case, however, weak coupling is assumed and the N ™
1 ik field leakage from the inside to the outside of the ‘:f
- 3 receptor cable is negiected. Therefore, we nave
- -t o 5 5 M |. s
z) = - Y2 xp{ - 8
Kt( ) 75—2'L Z N osJSJE p(-jBz) ~(8) '..o‘
ko -8 os o 2 1 - !
0=¢ +k :A_Z’—,'— f;/A1 13 ) A0
az o'z roir z! .

‘n gbtaining eq. (8}, since the losses are small, any
cerms proportional to a are neglected.
Under the thin wire 3pproximation the
4. [ntegral Equation Solution for the Induced magnetic vector potentials are jiven by _7)
External Shield Currents

[n the integral equation approach the source A = f 585,25 3 e
:able is modeled as a thin linear antenna with driving 22 T 7y Joe * -
;aurces on this antenna resulting from the coupling
-ecnanisms of Zt and Vt. These sources excite currents

:1ong tne outside of the source cable shield producing e L -
:n external field which is impressed on the receptor ALs L f - T T 2
:anle snield. This impressed field in turn induces a z c T
.arrent along the outside of the receptor cable snield
ind, through the mechanisms of Zt and Yc‘ voltages are where
. insi ] >
nduced on the 1Ansxde of the receptor cable. ew'\-jka[.s-z)“ — 2
Note that the current induced on the receptor “2‘1'5) i s z PR : 5
:10ie shield causes a field to be impressed back on the ST
iource cable shield and this interaction between the
“40 cables must be taken into account. This is accom- 5
:lisned by simultaneously solving a pair of coupled expi{-jk ['s-217 -
‘ntegral equations for the currents on both cables. liz,s) = L 7 B

In(.s-2; + 3
To derive the raguired integral equations we
:2art with the magnetic vector potential. The relation-
in1p between the magnetic vector potential, which arises  Substituting eq.'s ('3} and '5) 1nto ea.'s "2 2nc
t.e to the current on a small diameter cabie shield or .13) ana rearranging, the coucied “ntegrail 2guations
Tmin wire, and the corresponding longitudinal electric for the external shield currerts 3re chta'ned 135
“relg is given by [7]

. N . 2 »
-1 1 : 3 1" 2
c — L L 1A Pe f - T
y Je 2 ot 3") 2 . 3) ,‘-Cj-:’\Z, ﬁ_)’ () f PO T T -
2 2z -<
2
;14 3t the surface of a thin wire we have (7] N
. - ’—I.SS.:::S
5 P - B N
- : 3" 2 5 -
r ol T % N, -
e BP4
ki 5 -
Since the bdraided shields are considered %o se BEFS E < Il 3,.3,5 38
‘2ca zgnductors any “ields at the surface due %0 3 127 ~ FE
..r¥ice 'mpecance :an de neglected. The Zoundary Ion- :
117TIn at the surface of tne source caple snielc s Lt Sososs
-"en roor PR 3 J: -ad
- - = - = M
i Tiet Tre2 - :
"e 3prect Mow 5 I 33l.e 22 I oar:
figt . AR - 1 speate ~ . a “w
ere T "5 tne imDressed ‘feid lue 10 "eakage tnrsuan §Tor the 2aternal sntaid f.rvents L. ARG ’
“~e s0urce cabie snielg, I, 'S the Iorresocngiag tn. 'S 3CIomDlrsned 9y L$tN3 fourter transformg. ltrze tre
- . - . 1 . At M g Ta .
.ied fielg From tne external snield zurrents, ing I . nEery.s are [INVO uTTan TntEiry s TRt Tiurier
ir: t7insforms are 235 ¢ Idtatrecd. herefcre, Slyrtar
5 tne 'rprussed fieiq wnich 3rvses Jue 0 the lurreats =ransForming ec. T2, and cance’l’ g Tixe Facicrs on
~1.,CRC 3N the receptor Jabie smiela.  Sudstituting cOtn 3t les ¥ Tre 24.3TTIn. we It
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puan sl s =2 F 20)

Hfas] + 1
k) RE 1+

2

- 2 2, . s 2 2 .
where =(ko -k~) is positive when k0 >k and negative

1mag1nary when k 2/k2 The transform variables are k

and z and a t11da over a quantity denotes its Fourier
transform. A similar aralysis of eq. (19) results in

ll(k)Ho[rg] + Iz(k)Ho[ag] =0 (21)
In obtaining eq.'s (20) and E;l) the formulas

- o[rf] = -eH [re] (22)

} 14 =z T c - 1 &

s lrel = on D] - M Lec] {23)

have been used. Here H° and H1 are zero and first

craer Hankel functions of the second kind.

Expressions for I, (2) and 1,{(z) are obtained

oy solving eq.'s (20) and \21) for K ‘k} andg i,{k) ang
‘nverse Fourier cransformln? The actua1 expressions
sepend on the form of [ but in general are given
2y
- (K)H [a:]exo(jkz) C (28
IRE T —f S| )
H . -
A WZ[IN {reD)® - (n f22))%]
M [relexp(jkz .
et - / [ leww(yka) 0 o
= 2 20(H er] - (wy{ag])
In order to obtain explicit expressions for
:].z) and [_{z) the impressed longitudinal electric

2

“ield sources along the outside of the source cable .

snield must be determined.

Recall that Zt is the ratio of the resultant

aiectric field on one side of the shield to the current
“igwing on the opposite side. Therefore, the mechanism
of the surface transfer impedance directly gives rise
%0 an impressed longitudinal electric field along the
Jutside of the shield. For the present case this is
j1ven in eq. {1). Upon taking the Fourier transform

3f 1) we have

<o :‘)Z,:Is 26)

fubstituting this expression into eq.'s (24) and {25)
ing ‘ntegrating we obtain

. Far
i Z,in a5, enp(-522)
L E el 2 : 7 . . 27)
[ H '\24) \”0.3;2]) Pl
20 lre, enn-332)
FUREE S 2 29)
R o .2, - 1. N
x:L.HJ.ffzi) - Hohazz)) K
z > 2 . -\ 5 .
snere T Tix T.: £3.'s 27} and . 28) are the

$. l‘.‘n’.'\' N, l' . ALASRITOANA O‘sl'v DAORAND

ot ta ot el
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a.pressiscns €or tre surfice trans€er s-pecince Iir-
tribution to the externa) snield Zurrents,

Since the integral equation approach reaguires
an excitation in terms of an impressed longitudinal
electric field, and the effect of the transfer ad-
mittance is typically modeled using a distributed
cyrrent source, it is necessary to find an equivalent
impressed electric field source to account for the
transfer admittance.

To this end, consider the configuration
shown in Fig. 2. This consists of a coaxial cable of
length L suspended at a height H over an infinite
ground plane. The cable height is small compared to
a wavelength such that the shield and ground plane
constitute a second transmission line. Ffor computa-
tional convenience the shield ends are assumed to be
terminated to the ground plane in the characteristic
impedance of this second transmission line. However,
this does not affect the generality of the conclusions
obtained from the following discussion.

-

\/‘

(u]

z

—

.
zZ -
2, Z., ;

3ROUND PLANE

N
7/ /// v /// S I/f/////// / //// Vs ,’,/

z2=7

r'{

Fig. 2. Theoretical configuration for calculating the

equivalent voltage used in determining the Y.
contribution to the external shield currents.

The coaxial cable is driven at one end and,
through the mechanism of the surface transfer i=mped-
ance and the transfer aamittance, energy 1s coupled
from the coaxial cable into the secondary line.
Presently we are only concerned with the transfer
admittance contribution.

Initially the coaxial cable is assumed =2 de
perfectly shielded except over a short section of
oraid centered at z=z' The distributed current
source is then well approximated by a delta ‘unction
source Of strength V,i2')Y exp(-i8z’ qy."ere 2 onase

‘actor has been included for future convenience.

The current distribution s caiculatea us'ng
the current source oart of eq. 3). Therefore we nave

y]y. exokjkoxl’-z)). 2
iz} = ——=exn(-j8z") 1 SE)
-explijk  2-2'l, ez

The current istribution of eg. 29 nas a
current €lowing 'n 0poosite directions iway ‘rom <ne
source, 2roducing a total current of rero at I=z’ ~e
now wish to obtarn an eauivalent soltage source wn'in
1! oroduce this same cturrent 21stridytion. ntur-
tively, we require 1 source ~nich is 20s1t°ve 'n 511N
at r=:'* and negative 3t 1=2'-, dut zero it I=z'. Ine
‘anction wnich satisfies trece conditions 's the

4-3
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derivative of a1 gelta function.

Consider then a voltage distributiun of the
form

v lz) = A" {z-2*) Ae (30)

impressed on the transmission line at 2=z' where A is
a constant to be determined. Using the voltage source
portion of eq. (3), the current distribution is ob-
tained as

-exp(jko(l'-z)). 2’

l2) = p-ik (3n)
0

o
exp(jk,(z-2")),  z<z'

[n order for the current distributions of
eq. {31) and eq. (29) to be equal we must have

-VinZ
A= L9 axp(-jBz') (32)
ik,

Note that for the external transmission line ko =
-LCe 2 where Ce is the external capacitance per unit

length between the cable shield and the ground olane
and L is the per unit length inductance of the shield
sver the jround plane. Therefore eq. {32} can bde
aritten as

V.Y
it ‘azt) = ot Liay’
foron exp(-jBz') /iSsCiexn( jsz') (33)

where Ci is the internal capacitance per unit length
inside the cable.

Fourier transforming eq. (30) and using eq.
.33) we nave

Vgik) = -jkv,S exp(-jBz') (34)

Substituting this into eq.'s (24) and (25) and inte-
jrating €irst over z' and then over k, we obtain

¢ 4 Tar ° -y:z)
JSJ-CD OLG,ZJGKD( PEr S

1,12) 7 e (35)
! o .2 - Z Z N
~2[<H°Lr22]) - (H,lag, 107

7 53¢ H [re ] -j
2) = dee 4754?c9 a[r1§Jexp( 322) x
o -<r. - , PR YR

,ZL\HQEF,ZI) - \H][GLZJ) N

Z3.'s (35) and (36) are the transfer admittance con-
tribution to the externai snield currents.

3. Relatronsnip Setween Transmission Line Theory
angd the Integral Equation Aoproacn

.f the integral equation approach 1s more
seneral than transmission line theory, then the trans-
"1ssion iine r~esults snouid be contained 'n tre ‘'nte-
iral equation results. 7o srow that *his 15 indeed
tne :ase Jefine two new urrents IJ ang 2C 35 fo!lows:

7

4-4

g 's called the d1fferential noce current and [_ s

called the common mode current. The reason ‘or ;51ng
this nomenclature becomes clear when we sclve [37) ana
(38) for I, ana 12:

l] = [c - [d (39

12 =1 +1 (40,

Thus, IC is the in phase current component on the two
cable shields (i.e., in the .same direction) and Id is
the 180° out of phase component (i.e., in opposite
directions).

Adding eq. (27) to (35) and (28) to {36) ana
substituting these into eq.'s .39) and ‘40) ~e obtain

. .Z:-Las,:pre(D(-j:ZJ

]
~

4 T%o's 2f, . - . -
2n, 007,00 - M fas, 0]
1,-2,. . 3:C_,expr-;i:
s e 7lpgdiCy 8ep-oiT) .
i “fots Zrn Thr a4 ar T -
<2g ZL ‘2-‘ ‘IL ':Jd

Using tne small argument aporoximation for Ho‘ recall-
ing the expression for Vt' and noting that Ce=-u EPS
eq. {41} reduces to

079" "3

-1 7 Jk
14{8) = —2—g [0 - I ilexp.-c:z <
¢' R t70gy 8RR R

Eq. (42) is identically egual to eq. '3}, the expres-
sion for Xt' Therefore, the transmission line externa

shield current is just the differential mode current
obtained in the integral eguation approacn.

6. internally !nduced /o'tages

Given the induced external current 3n the
receptor cable shield the volitages induced ailong the
inside of the receptor cadble can de caiculated .sing
sransmission line theory. (n the oresent Zase IJuli" "
to the interior of the receptor caple only takes 2lace
along the braided portion of length L. lso. si1nce :r
cable is infinite in length, it is matcned o5n tne
inside at z=0 and z=L. .nder these cong:tions the
near-end and far-end voltages are jiven Dy

.

‘0 -

, = . . 3007 a2l - -
J0) hyr-ars _.CD.J e -)22L
and
Lo
S L RIPLISNN LIRS i

~nsoectively, wnere ZJ *s tne 37plrouce ¥ tre axtert:

sniela current caiculated .Sing erther <ransmissian
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line theory or the integral equation approach.

Plotted in Fig. 3 is the far-end crosstalk
as a function of frequency for separations of 5, 10,
20, and 40 cm. The dashed lines denote transmission
Tine results and the solid lines correspond to the
integral equation results. Theoretical values for Zt

and Yt are used. These can be found in reference [6].

According to transmission line theory the crosstalk
increases with frequency at a rate of 20dB/decade.
The integral equation result, however, increases at a
rate of 20dB/decade only at low frequencies and smal)
separations. When the frequency increases to a point
where the separation is greater than about a tenth of
a wavelength the crosstalk predicted by the integral
equation aporoach begins to decrease.

bl 1ag el
FREGUENCY MMz

Fig. 3. Far-end crosstalk in the infinite cable case
for RG58 coaxial cable. The dashed and solid
lines correspond to transmission line theory
and the integral equation approach, respec-
tively, The corresponding cable separations
are denoted on the right.

In Fig. 4 is shown the far-end crosstalk as
a function of separation for frequencies of 10, 100,
and 500 MHz. According to transmission line theory the

30 33 % 50 B3 3T FFEE
TaBLD IEPARATIIN m

i, Far-end voltage transfer ratio as a function
of cable separation 'n the infinite cable case.
“he gashed and solid lines correspond to trans-
mission line theory and the integral eauation
3oproach, respectively., The cable type is
2G58 ang the interaction length s | meter,

wi
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crosstalk is jreater the nigner the frecuenc,. Tais
occurs regardless of separation. The inteqgral 2guaticn
approach, nowever, exnibits this behavior oniy “or
small separations. At larger separations, according to
the integral equation approach, the crosstalk decreases
with increasing frequency.

7. Experimental Procedure

In order to verify the theory FEXT measure-
ments were made ori an “infinite" cable configuration.
The experimental setup is shown in Fig. 5. [nfinite
cables were simulated using ferrite rings along the
cable ends to eliminate end reflections of the external
shield eurrents. By eliminating the end reflections
only traveling wave external shield currents are
present and therefore the experimental setup approxi-
mates the ideal configuration of Fig. 1.

Saerne iesmarer o

g —_——
weigne
Lead T — e ——n

. ey R

Fig. 5. Experimental setup.

The source cable consisted of 3 6m iength of
RGS8/U coax with ferrite rings placed aiong 1.5m of tre
cable at each end. The rings were spaced '5 cm arart
except at the ends, where six rings were placed close
together. The receptor cable consisted of three sec-
tions: a 1m length of RGS8A/U coax in the Mmiddle and a
2.5m solid shieided cable section on each end. Fferrite
rings were placed on the solid shielded sections with
the same spacing as on the source cable. The source
cable was driven at one end with a signal generator
and the coupled signal was measured at the cpposite
end an the receptor cable using a spectrum anaiyzer.
8oth cables had matched terminations.

The resylts of FEXT measurements for separa-
tions of 5, 10, and 20 cm are shown in fig.'s 6a, 3b,
and 6c, respectively. Theoretical curves of the
integral equation approach and transmission line theor:
are also plotted. Measured values of I, and Y, were

Jssed for the theoretical curves. At the lower fre-
quencies the measyred data increases at a rate of 20
dB/decade as predicted by both theories. At -he
higher frequencies the data tracks very well with the
integral equation result Sut falls off rapidly from
the transmission line results.

8. Canclusions

{n this paper an integral eguation approacn
nas been developed for analyzing coaxial cadle cross-
talk. The major difference dbetween this new aporoacn
arA traditional transmission line theory s 1n the
determination of the externmal snield currents. In-
nerent in the transmission line %heory approach ‘s
the assumption that the induced zurrents 3n the two
cable shields are equal in magnitude and 20posite 'n
sign. That is, only the differential mode current s
considered. The integral equation 3pproach considers
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©i3. 6 Far-end crosstalk in the infinite cable case

for RG-38 coaxial cable. The dashed an

sa7id lines correspond to transmission line

theory and the integral equation approa
rescectively. The rectanyles are exper

mental values. The interaction length is lim.

s0th the 3i€€erential mode and the common mode

-urrent. At small separations the differential mode

surrent 15 Jomirant and the *wo thearies give

‘omparabie resylts. For 'irge separations, nowever,
«ne common mode and *he differential mode current are

d

ch,
i-

2F tne sare Jrder ang Sotn Tust Ze 1n¢l.gec o tne
analysis.

Although the measured crosstalk at iow
frequencies is higher than that predicted by both
theoriec, over the whole frequency range the expert-
mental data tracks well with the integral equation
approach. [n particular, as the separation is
increased, the integral equation approach correctly
predicts the fall off of the crosstalk at high fre-
quencies.

The infinite cable configuration discussed
in this paper was chosen because it gives good physics
insight into the coupling mechanisms. Although the
results presented here apply to a specific configura-
tion, the general approach can be applied to other
configurations as well, [In particular, its aoplicatic
to resonant configurations will be discussed in a
future publication.
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Abstract

: 4 theoretical mogel! is presented for an

: adapter to be used for grounding the external shield

} of a cable to a plate it penetrates. The model shows
good agreement with measurements up to at least 500
MHz.

i 1. Introduction

The Shield Ground Adapter (SGA) is a device

’ for bypassing undesired induced currents on the outer
conductor of a shield or cable to a conducting surface
through which 1t Dasses.

Figure 1 3ives a functional diagram of the
configuration. Jertica! electric fields intercepted
by tne cable induce external currents on the shield.
#€ 3assume the area below the cable penetration s in
§ a perfectly snielded area, i.e., tnere is no penetra-

tion of the ares dy the external field except at the

exposed cadble penetration. The energy intercepted 15§

or'martly scattered by the part of the cable exposed
N 1o the fiela. The SGA w1!l cause induced current to
! flow ragially from the exposed cable over the upper
surface of the conducting plate.
will apply 2o the current in this surface. At HF
3imost ali current «111 appear within a fraction of a
m1limeter of the surface.

3
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L | Inguced curtent
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i Shield« Ground
4 gaapter L CHrestpath  congucring piate
A 14 (stmeid }
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Rewr
Signel cadie
A l 10 recoiver
h
p J i
)
¥
D - ..
) “v3. 7. Functional schematic dragram ‘or shield-
jround igapter.
“rjure 2 snows 3n equivalent circult ~ode! »f

\ the 3dapter and connected zables. ~he parameters ZS

ng . represent 1mpedances as seen !0oking nto the
) :aoles 'eading iway “rom tne icapter and /S s an

3quivaient source soltage. “he :mpedances :au. :m'

ang :ai ~epresent in equivaient ciecult of the idapter
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itself. Zs and ZL Tust be estimated using transmission A
line theory., [f the exposed cable is represented as a "r
vertical antenna above a ground plane, Z wou'ld be the Q-
driving point impedance at the conducting surface, L%
where the cable enters the adapter and i the ooen
circuit voltage at this point. )
Z, ’ h
§-on s A o Lo
' . 5
Ty I v Zay Zaz . i :
{
I :I(
.
Y
) Z" 7, ) i
¢
o
] 4
! !‘q
Fig. 2. EZquivalent rrcurt of smreid-jround ‘.
agapter and connecteg caoles. ]
¢
ZD represents a 00ssible shunting effact °n L2
the SGA itself or 1n tne cable %0 %he snieid 2F wni:In )
the SGA makes contact. These effects are zZiscusse. 'n |:
detarl in par. 11, In the discussion that '~wed:ately P
‘ollows, the possible existence of lo ts 13norea. .l
. . '.'
2. The £xposed fable l.:
The exposed cable can exist 1n elther a ::l
terminated or unterminated condition, i.e., 't an de Y.t
connected to a separate ‘jround” return gor-"t :an de R
left apen circuited on the mast of the sn1p. antle )
the method of termination may de Juite signiéizant at \;
lower frequencies, at higner frequencies °t 's 'ess
important. )
it low frequencies, 'f <he exposed :ap'e .‘,
“floats” the source mpedance Zs w111 2e 3 N 3niy ()
capacitive reactance. [f ‘'t 1s "Jrounded’ so 15 I
form a2 loop apove deck [ #1711 5e an ‘nductive O
regctance. In ths case, at sufficiently 'ow Sre- )
Juencies the current ‘nduced »111 be i“mited oy he -
zanle shield resistance, At higher ‘recuencies. the [Sat
nguced surrents may De l:mited by cable ‘nductance N
it stri) mgner frequencies, wnether the cable "5 coen /
Jrrcuited or short circylted, the “nduced c.rrents “ay i )
ne juite ‘arge Jue to ~esonance effects. ‘-\
b
1. “easures of I¢%ctveness L%
. . s
re snteiding effectyveness )€ <he 134 °s v
~ost s 01y stateg 'n terms 3 the urrent I.passed )
%3 tne I0nducting Diate 9y Ine aqapter L3noreng :3 _.‘.‘
A Th30 1L one zan alcuiate tne 2¥fectt.eress 13 te :..‘
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5-2

In actual use the cab'2 shield on the output
side of the SGA is connected to jround, so that at Tow
f~aquencies lL consists of the caple shield resisiance

ang inductance. At higher frequencies, transmission
line theory must be appliied and measurements of Z‘ig and
Zu. may not be easily separated from ZL'

this, measurements may be more meaningfyl for charac-
terizing the SGA if made with a terminated (e.g. 50
ohm) transmission line structure constituting ZL' Such

measurements can be made at frequencies up to above 1
GHz.

Because of

with the 50 onm termination, the 5GA attenua-
tion becomes

I3
=]

S ’
= (2)
I ag

4. Model [mpedance ‘haracteristics

. , -
The elements 1 lag' and Z“ of the SGA

“tself can De expected to have Jnly resistive compon-
ants at the lower frequencies of 'nterest. Ais the
‘requency 'ncreases reactive comoonents will appear.

To et oraers Jf magnitude at ! MMz copper nas 3
surfice resistivity of J.20038 onms Ser square and a
skin gepth of 3.2067 cn or 2.7 mils. For a ragial
flange #1th an 1nper radius of 1/2" and an outer radius
af 3,4 the resistance of qu would de approximately

L
3 3 ()

L]

ahere

2 s the surface resistivity 1n ohms Jer squdre

L 15 the raadral length of the €lange
w 15 the circular length

s —— 3.5, 107 15 mycro-onms

“-e jttent.ation would then de jrven dy ,13noring depth
)¢ zenetration effect,

2 30 L3300 . 130.4 38 3

“me orresponcing transfer smpedance would de 36.3

E IS L - I-D 8 Aith 3 short-circutted
SuetpJt Zabie 3f resistance R, the attenuation woulg
ce )
2
- _ g
- Ty e 73T
5. Izurealent ltrcatt

The czentt ¢ iation 3f 3 -ofe exact 2. Llent
LTt tgr tne 33A requires a2 i3reful ana',sc
larrent datterns on the structure 3f the A 2. el
35 tme "nstallation tself  Jarameters 3¢ ne 1GA an

‘e

L] "R A va
0

s,

2g.0-9.¥ ¢

»'-..‘ ASRSE TGS TRE REN

08 fut ga® §4* 020 et Ag* 02" 0" » % Ba' . 0eY,

be isolated to the greatest extent possible by placing
the SGA in a coaxial configuration as shown on Fig. 3.
This figure shows $ transmission lines corresponding to

the distances shown as 1oy 12. LJ. Ly and lg- On the

input side line ! is loaded with lines 2 and J in series,

and on the output side line 4 is loaded by line 5. The
input side is assumed driven on the left-nand side and
the output side is terminated on the rignt-hand side,
either in a short circuit or in the characteristic
impedance of line 5. The former is perhaps most repre-
sentative of actual conditions, especially at low fre-
quencies, but the latter condition gives more yniform
results for measurement of SGA parameters.

~4, . Ly V"

ANV AN Ta Y TN

¥
14
|4
~y
7
1ot A Juteet
Fig. 3. Model of smield-ground icacter

with coaxial configurat:on.

The coupling between 1nput and dutdut sect ons
1S assumed tO OCCur across the €lange separating i'nes
2 and 4. [nitrally, coupltng netween lines 3 3na 3 s
assumed negligible because of the w1de thickness 3¢ °ne
barrier plate separating them. This assumption —ay
require further consideration depending 3n the ~ethod
used to mount the SGA to the barrier plate.

Jdne way of estimating tne coupling due 5 the
flange is to Jse the model shown 1n Fi3. 4 ang %3
calculate the resistance of the “lange zaxing tnto
account the distribution of Current denstty with Zepth
1n tne ‘lange. The resulting -oupling zan se exoressed
tn terms 3f 4 transfer imoedance Jefined 15 e ~at:0
of the voltage imoressed on the >utdut '‘ne %o ne
current 1n the 1nput line.

1 . :
Scnhelkunoff nas caiculatea *ne transer
‘mpedance per unmit ‘ength for 3y Iman a3’ ‘ea tube 1S

anmg meter T

«nere 31 's the ragius of the tupe, - 'S S ntIamess,
S 'S tme lSrductivity ang focs the skt ozestm. faterc-
'Ag "hvs formuia %ot 3isc-snaced ‘Tange tne tean
~3dt.s r I0rresponds to 3 3nd e IOrUesiconds D ite
‘engtn.

“ne transfer -wpedance thus tecsres
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Tig. 4. Internal construction of SGA connector.
Hus the mltage applied across tne 'nput %o iine 4 s
, where ‘ZR 1s the *otal current at the end of

‘2R
?'ne 2.
. . 208
Now 1f V(0) is the irne voitage at 1*0 , then
I cosh .‘L-Z] « I sinn 0-1)
Vg [ :
daroe i AN AL &)
and
. 13 % asn o i-d) + Ioswani-g 9
e 2T TTCosh . ¢ - sinn ¢
2 . 3
where [ 's the ‘ength 2f a1 'ine Jf cmaractert.lic

' mpedance 23 "oaded with an 1—pedance I, and Jropaga-

tion constant (. from (3, and 9} tne 'nput 'Mpedance
3
IS
I :3sh L.l ¢l stan ¢
e e e}
- 3 I osh o+ 0 siap L {
G -
5. put L:ne
(£ 1 Thne g terminatec ‘n o3 snort tetut,
*es "mpJt "Toedance 'S5 ;tven Sy from Ig. J i1Dove.

oo tann L
bl

»t'\“‘.l.". 'r.t'.-" QYWY TV IR 4, Oy
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.2 3 + 33 is the propagation constant of the
'ine, and zi is assumed to be smail. Therefore, since
lines 2 and 3 dre always terminated dy shgrt circuilts

= 1., tanh v 1
ﬂfzz

tanh (.2
R

from these ea:ations one can obtain relations dDetween
currents at various parts of the configuration, For
example, the ratio of the current at the left end of
line 2 to that at the rignt end of line 2 is

r
~
L ]

* cosn v, 2)
IZR 272
Lines 2 and 3 present a cad 'mpedance to line ! of
L, T2, tann o i+ I . tann .l
! 22 272 23 373
Srom this 'mpedance he :nDul current S l'ne Ian e
f3und ‘-am 3, 1.e.
N osh . i, + ] L LI
Y | 19 .1 'y
o H : e M Taho, o,
LSy fy st 51 30" '
and the ratio of the zurreat on :ne lef¢ ang %0 %hat 3n
the ~ignt end of line ' s

~
s

7. Qutput Line

{t 1s common to treat the discontinuity it the
point of coupling between “nes 4 and S 3s a Trsmaten 'n

«ntch using £q. 30}
Ioosh Lol s Do sion Lo
N ) 3°S b 5 g
S T _
25 5 L 3
ang :orresdondingly,
. IR O R W o
RS T S ] R
S Syt it g

3. laicuratron of Sme'tmg fé€fectyveness

it freguenctes n13M enrough for STIr2ng waves

"2 @x*si o0 tmeg sarvQus transTission Tres tnere °§
235§'De MBIty 'n Tne -eas.re 3f 2ffectveress for
the 3GA, lecending In wnere itne urrent S "eas.reqd.
Ty recuce IeDendence n “nout ind JutDJ[ "'iT‘S“$> an
Trees Ctmes T oand 3. 3§ Tuch 3§ 3O0Ssthle sne 1Tyl Lse
the ~3tto
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1 i Th . Mytual Inductan

Now FSL is equal to I‘R and I]g = [ZL' e furmnt 9 utua ce M

L4 18 related to the impressed voltage on line 4 by In addition to coupling from the resistance - ,
(from 11) of the flange of the SGA, there is Mutual inductance .

v due to the triangular shaped gaps in the flange. This -

[ = 4L 18 permits magnetic field leakage to couple energy between =
R coshy.z, + 2, sinh v,2 18] transmission lines 2 and 4. This coupling is repre- )
R4 Yeta * foa Yaa sented as a mutual inductance M,, Caiculated as follows. ]
M

; i n 1
a From (7) and the discussion fcllowing it: by using formulas for circular spertures of z‘e same .v
average radius as the triangular shaped holes : 1‘,

K Vo * 71 (19) ’
4 t 2R g

N7
and from (12) we have M * 4.5, )

! 1 - 2
N : . 2 ‘ for >
N ! {20} '

R coshoy2 —_

X 272 a = avg. radius * .ryF, = 5.35 mm e
i \

. : cew P M = magnetic solartzapiiity -’
v ) Hence, (17} becomes, using (13} and (20): ¥ = number of holes s
b . iyl

: . . 4 ) . -1
oo . ar la O iy Yo SN gt n s 303 Leircular notes) + .57 « 20770 cor .—'(
e T Tio T T
SL YR R t 4R fe0.7 m m
4 tow. crom .9) s .;6— Ldz‘rec:ang. slot) = 1.3 « 167 O ear :"
) - ]
\ .o od G=2.0m, g+ 2.38m Y
I IR 2—42 cosh ¢, i, * 2, s1nn o, y
\ 0% Sis ats " o a“a Since N = 9 , o
10” g
1 ar ang “5 ® v ox o
cosh i -2 .12 )
- 272 . 5 . , M, =mx 107 232410 -
S.E.* I (Z‘.s cosh ¢ iy ¢ 2, sinn "z‘> 2N 24 .\:
R
. ¢ .
if L5 are small and Z,g * 50 Finally, we nave fgr the transfer 1mpedance «‘;
R
] s
L]
H se .2 (22) 1, % T, oMy, \
\ t
- . : . 1+3) T/% 241 VR
"he shape of the flange is shown on Fig. 4. [t is Zd "Ry — .24
n0ted that the part between the inner and ouCer Cofi- sink [{1e})/7/35] !
K ductors of transmission lines 2 and 4 consists effec. 0%y

' tively of 9 separate conducting fingers. Calculations 1

" af the dc resistance are made as follows: 5 4 —
K e firser * oF
! ™ Using these parameter values, the shielding effective-
! Zor ness characteristic is calculated as shown on £i3. 3.
§ The corresponding value of the transfer :mpedance ‘or
- S 2 2.8 10 m a 50 2 load is snown as the dotted Curve on this
s 2'6 . * figure. On the figure it is noted that the charac-
[~ D2 2.0 m teristic starts out flat with frequency unt:l tne skin
" s 3381 m depth becomes less than the conductor thickness . at
! : about 100 «Hz) with the smielding 2ffect-veness ~eacn:~q
Jne Jbtaing 3 maximum value 4t apout 500 kHz. Above that frequency
the characteristic 15 Jominated by the mutual 1nductance
-5 term, the $.E. decreasing as tne frequency increases.
2. finger = 7.43 x 10 7 3 “his frequency dependent Senaviar s similar 13 that
~nicn occurs for braitded snields an Zoaxral structures.
" ar
3 “inger
: 3 C : 5.56 « 0% 2 23
) ®ratal niers
)
)
1)
P
D
§
[}
)
)
§
L
, 5-3
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10. Correlation with Experimental Data

Experimental data obtained to date on these
SGAs show the same trend as in Fig. S for frequencies
above about 600 kHz. For frequencies below 600 kHz
the experimental data are approximately 20 dB higner
than that jiven in Fig. 5. The reason for this appears
to be the presence of other coupling mechanisms which
are not accounted for in the model discussed to this
soint.

11. Refining the Equivalent Circuit

As mentioned in the discussion of fFig. 2, 4
mnore complex equivalent circuit may be necessary to
account for actual experimental behavior of the SGA.
The first effect considered is coupling through the
center conductor of the shielded cable itself. A
second effect is the contact resistance between the
caole braid and the flange. A third effect is
impedance at the junction of the adapter fitting and
the reference or ground plane in which it {s mounted.
1.1 Coupling through the Cable

Figure 6 shows the surface transfer impedance
for %G-214 cable |which contains a double braid).
issuming the RG-214 cable itself is loaded with S0 7,
4s 's the transmission line consisting of the shield
and the outer test fixture cylinder, the coupling can
Je estimated as ‘ollows. A current Is on the smelg

of tha RG-214 w11l produce for a one meter length of
the input canle Z“Is volts along the inside of the

shield, where Ztc ‘s the surface transfer impedance of

the zable 1tself. Thig in turn will cause 3 'oag resistance on transmission line 5 3f SO 3. «hen
. compared with ig. 5 't 1s seen that, for ‘nput and
Loty output 'engths of one meter, the cable has a zoupling
g amperes 'n the center conductor of the outout zontribution equivalent to tnat af cne SGA. Tor ‘onger
L, 2 ‘engtns, the cable 1tself decomes the weakest ~“nk °n
Coc . the system, ‘or example, if the 'ength >f ne :atie
cap’e. This zurrent w1l aroduce —x— 0lts 11 2 one extengs 10 m on erther sige 3f tne SGA, the :guping
-eter 'ength of the outer structure, The averall 2y this mecnanism tncreases dy 30 B 31ving 3 soltage
sransfer -mpedance 15 “hen rat1o of -110 48, For single 5rard zables the
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Fig. 6. Ffrequency response of the surface transfer
impedance for RG-214 coaxial cabie.
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Fig. 7. Jverall transfer 'mpedance of 2G-2'3 :oaxial
zable with a S0 onm load wnen fitted ~i1th tne
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coupling would be increased further. Tests being con-
ducted presently are with a total cable tenyth of only
about 6" (15 cm).

11.2 Flange Contact Resistance

This is the contact resistance of the flange
where it is soldered to the cable braid. Normally,
this is considered negligible because the skin effect
will cause the current to leave the shield and appear
on the surface of the flange (with highest current
density on the input side of the flange). Since the
conducting surface of the cable is 3 braid, there may
be a tendency for some of the input current to follow
individual braid wires and not pass to the flange. [f
the contact resistance is of the order of only tens of
microohms, the current would be expected to flow
through the contact resistance, rather than be shunted
across the flange by capacitive effects. (For example,
a capacitance of 50 pF has an impedance of 3000 Q at
1 MHz.) Accordingly, the transfer impedance between
input and output circuits due to such a contact
resistance would be equal to the contact resistance.

11.3 Adapter Fitting Ground Plane Junction

Figure 8 is a schematic drawing of the
adapter fitted to the ground or reference surface.
\For simplicity, only one half of the adapter bi-
secting plane is shown.) Experimental evidence has
shown that the threads noiding the several parts
together have measurable contact resistance. The
threaas TH 1 will have little effect on the adapter's

Shisided conducior
L4 —d

COMALT S RSEare LCACEIRUEATICIAL sy

Fig. 8. Detail of Fig. 3 showing threads and contact
resistances contributing to transfer impedance.

overall transfer impedance as they add only a very

stall resistance, say 10-5 ohms, 10 tne load on transe
mission line 3. Compared with the approximately 50 ohm
characteristic impedance of transmission line 3, it will
have little effect. The resistance of these threads
does not directly introduce & voltage into the output
circuit. Threads TH2 on the other hand (and the con-
tact resistances between (1) the clamping nut mounted
on threads TH 2 and the ground plate, and (2) between
the jround piate ana the outer test fixture tubes),
while still having little effect on transmission line
3. 111 girectly couple energy from the input of the
adapter to 'ts output. For frequencies for wnich
transmsston lines 2, 3, and 4 are shart compared with
3 juarter wave length [typically up to 250 Mz or
nigner), one has the equivalent circuit snown in

Tig. 3. From this equivalent circuit one abtains a
total transfer mpedance ZT‘ Jssing £g. 24 ang Fig. 3.

ol Ry, 25)
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O
L'I
ir
LN
s0a
Rra
o-

Fig. 9. Egquivalent circuit at frequencies less than
(typically) 250 MMz showing effect of
resistance of threads and contacts. Adapter
load resistance, 50 2.

For a 50 ohm outpui cable termination the shielding
effectiveness is

50
S.E. * 7 126)
Iy

fquations 25 and 26 are plotted in Fig. 0 for salues
of RTH of 5, 10 and 20 microonms. [t 15 seen tnat as
RTH increases, the vartation of the overail transfer
impedance with frequency decreaces.

Transtor \mpesance 48 /0)

wwlm
L

—d a0
00

Fig. 10. Ffrequency response of the shielding effective-
ness and total transfer impedance of the SGA
for values of thread resistance of 5, 0 and
20 nicroohms.

12. Conclusions

A fairly exact model for a shield ground
adapter contains a term for transfer impedance of the
eiement shorting the :able shreld to the >ody of the
connector, plus terms 3k ng account 3f resistances at
threads and contacts of the mounting irrangement. ~he

_c3ole surface transfer rmoedance dlaces an spper limit

cn :ne smelding effectiveness that can ne sbtained.
At frequencies ipove 250 MHz, <ransmission line elements
~ust be ncluded 'n the model.
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